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STUDY  OP  FRICTION  OP  FOLIAXHKS  ON  STEEL 

V.  P.  Kitrovioh 

PREFACE 

Th«  polymaid*  group  ooaprlsei  plastic*  with  good  antifrietional  properties. 

The  literature  giro*  exa*-,.**  of  tho  successful  us*  of  plastic  hearings,  and  indi¬ 
cates  th*  conditions  ntd*  nec*aaary  by  ths  us*  of  this  aat*2lcl  for  th*  d*sign  of 
th*  pert,  Th*r*  ar*  still,  however,  fsw  data  mi  th*  eacse*  that  Unit  their 
operating  conditions .  Elucidation  of  these  o*u»:js  requires  laboratory  studies 
In  connection  with  the  study  of  th*  antifriotional  properties  of  plastics  at 
the  Institute  of  Machine  Technology,  Vo  ?.  Mitrorioh  made  an  socperlaental  study  of 
th*  friction  of  polyamides,  and  found  the  factors  determining  th*  estren*  conditions 
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of  possible  operation  of  polyamides  in  fhiotion  on  stool,  and  tostod  boorings  of 
oopron  in  tho  mechanisms  of  metal -cutting  machine-tools. 

/or  laboratory  experiments  tho  author  developed  a  number  of  instruments  and 
devices  which  aro  of  intorost. 

This  book  gives  tho  principal  results  of  laboratory  tests  conducted  at  tho 
laboratory  of  wear-resistance  of  tho  Institute  of  Machine  Technology  and  in  tho 
experimental  Research  Institute  for  Maohine  Tools. 


M.  Krushchov 


INTRODUCTION 

Tho  experience  in  tho  use  of  synthetic  material*  that  has  aoeumulated  up  to 
now  convincingly  shows  that  tho  use  of  plastics  in  machine  building  oan  yield  an 
iaeenae  economic  and  technological  advantages. 

If  nany  articles  are  node  of  plastics  instead  of  natal s,  the  labor  cost  and 
production  cost  is  sharply  decreased,  and  the  scarce  nonferrove  Metals  are  saved. 

One  of  the  promising  applications  of  plastics  is  their  use  as  slide  bearing 
material.  The  first  Materials  of  this  type  were  rubber,  textolit#  and  wood  waste 
plastlos  with  phenolforaaldehyde  resins  as  binders.  Later,  bearing  materials  were 
made  from  polyamides,  polytetrofluoroethylene,  epoxy  resins,  etc. 

The  polyamides  today  occupy  a  special  position  among  the  plastics  used  as 
slide  bearing  materials. 

Their  most  Important  feature  is  high  wear  resistance.  Under  certain  conditions 
they  withstand  loads  and  sliding  speeds  as  well  as  babbits  and  bronses. 

Substantial  advantages  of  polyamides  are  the  high  efficiency  of  manufacture 
into  an  artiole,  the  possible  use  in  the  form  of  thin-walled  bushings  and  inserts, 
foil  and  thin  layers  ( — m)  applied  to  a  metal  base  by  gas-flame  or  vortex 
spraying. 
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3uoceasful  teats  of  polyamides  used  in  friction  unite  of  various  machines  end 
msohanisma  have  been  reported. 

Beetles  their  favorable  features,  the  polyamides  also  have  faults,  similar  to 
those  of  oertain  other  plastiosi  high  thermal  expansion,  power  to  absorb  moisture, 
relaxation  oharaoter  of  the  processes  during  deformation,  and  tendency  under  oertain 
conditions  to  flow  under  load,  leading  to  dimensional  bistability  of  the  artioles, 
the  need  for  higher  clearances,  and  tbs  limitation  of  the  upper  load  limits. 

Still  more  substantial  shortcomings  are  ths  low  heat  resistance  end  the  low 
thermal  conductivity. 

In  connection  with  the  relatively  high  coefficient#  of  friction,  the  last  two 
properties  may  be  particularly  acute*  the  antifrietional  properties  are  impaired 
and  the  serviceability  of  polyamide  bearings  may  bo  sharply  Impaired. 

(hie  of  the  conditions  of  leak  of  friction  with  metals  /if  is  that  the  anti¬ 
friction  properties  under  owditioas  of  friction  with  boundary  lubrication 
corresponds  to  those  properties  of  the  bearing  material  which  assure  a  lower 
temperature  on  the  friction  surfaces,  protecting  the  boundary  lubrtoant  layer  from 
destruction,  this  condition  is  oorreet  not  only  for  motels  but  also  for  plastics, 
where  the  limitation  of  the  temperatures  is  particularly  important. 

(hie  of  the  methods  of  improving  serviceability  and  lowering  the  temperature  of 
plastic  bearings  is  to  improve  beet  removal,  which  can  be  accomplished  by  design 
measures  or  by  improving  lubrication . 

But  thmre  is  also  another  way,  to  improve  the  antifrietional  properties  of  the 
plastics  themselves.  To  take  this  way  one  must  know  the  speoiilo  features  of 
plastics  and  the  primary  factors  determining  their  friotion. 

In  spite  of  the  large  number  of  researoh  projects  devoted  to  the  study  of  ths 
physical  properties  of  plastios,  no  fundamental  criterion  has  yet  been  found  for 
establishing  with  sufficient  definiteness,  the  possibility  of  using  a  polymer  in 
some  specific  bearing. 
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To  establish  euoh  *  criterion  it  Is  alco  n*o*s*ery  to  find  the  faotora  which 
primarily  determine  the  level  of  friction. 

Thu*  tho  knowledge  of  the  primary  factor*  that  determine  the  friction  of 
polymara  la  naoa**ary  both  to  solve  quaation*  oonnaotad  with  their  introduction  a* 
a  bearing  material  and  to  improve  the  antifriction  properties  of  such  material*. 

The  object  of  the  present  work  is  to  investigate  the  friction  of  polyamide* 
on  steel  as  it  relate*  to  the  operating  oonditicn*  of  bearing  materials,  and  to  find 
the  basio  factor*  on  which  the  value  of  their  friction  depend*. 
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CHAPTER  I 

PRINCIPAL  RELATIONS  OP  THE  FRICTION  OP  F0L1MERS  IN  THE 
ABSENCE  OP  LUBRICATION 

The  Effect ■  of  the  Load  on  the  motion  of  Poly— re 

The  dependence  of  the  frictional  force  on  the  load  haa  been  studied  'ey  various 
workers  on  polyamides,  polyethylene,  polyaethyl  aathaorylate,  polytetrafluoro- 
ethylena,  yarns,  rubbers,  and  other  aaterlals. 

The  tests  were  run  on  frlotlon  aooordlng  to  the  seheaess  "sphere -plane," 
"crossed  cylinders,"  "crossed  fibers."  The  aaterlals  of  the  aated  surfaces  were 
netals,  plastlos  and  glass. 

The  SKperlaents  were  run  nostly  without  lubrication  at  lew  sliding  speeds  (of 
the  order  of  0.0001  a/seo),  thus  excluding  any  appreciable  heating  of  the  frlotlon 
surfaoes.  Of  all  the  Multitude  of  fozaulaa  obtained  by  investigators  for  the  load 
dependence  of  the  frictional  force  £,  two  naln  types  nay  be  distinguished. 
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The  first  type  includes  the  basio  formula  used  to  desoribe  the  friotion  of 


solid  bodies, 


whence 


F—PiP+  aS* 

S* 

»*  «»*•  +  *  f . 


(1) 


where  ,  >^q  are  coefficients;  Sj  is  the  area  of  actual  contaot;  P  is  the  load; 
and  JJi  is  the  coefficient  of  friction. 

This  formula  was  first  proposed  by  Couloab.  It  was  experimentally  verified 
in  a  number  of  works  in  the  study  of  the  friotion  of  fibers  and  rubber  /2-8/.  It 
was  somewhat  developed  by  S.  B.  Ratner,  who  investigated  the  static  friotion  of 
rubbers  /9/. 

A.  number  of  authors  investigating  the  friction  of  polymers  in  the  form  of 
fibers  and  specimens  of  other  shape,  have  established  relations  of  a  second  type 
/10-1?/ 


whence 


F  —  aP* 

H  «  P^1 


(2) 


where  a  is  a  coefficient;  0.67  <  n  <1.  They  have  also  shown  that  the  frictional 
force  of  the  polymers  is  proportional  to  the  area  of  aotual  oontaot,  l.e.. 


where 

*»i 

11 

«■> 

¥ 

(3) 

(4) 

k  is  a  coefficient;  0.6?  <n  Cl; 

The  value  of  n  is  determined  by  the  oharsoter  of  the  deformation,  intermediate 
between  pure  elastics  and  plastics  /ll/,  by  the  character  of  the  contact  /16-18/ , 
by  the  shape  and  dimensions  of  ths  oontaot  surfaces  and  their  roughness  /15,  19,  20/ , 
by  the  character  of  the  curvature  of  the  supporting  surface,  eto.  /2l/.  The  formula 
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obtained  by  G.  M.  Bartenev  based  on  the  moleoular-kinetio  theory  of  friotion 
developed  by  him  /22 /  is  of  different  fom: 

F  ~  C|<Se  *f*  CjSi<i)P  (5 ) 

where  trj_,  02  are  ooeffioients  depending  on  the  sliding  speed,  the  temperature  and 
the  molecular  constants;  ^  is  the  nominal  area  of  oontact;  and  is  a  quantity 
characterising  the  effeot  of  the  load  on  the  adhesive  foroe. 

In  view  of  the  fact  that  the  second  tens  in  £q.  (5)  Is  usually  small  /23/, 
this  formula  can  be  reduoed  to  £q.  (4),  which  corresponds  to  the  proportionality 
of  the  frictional  foroe  to  the  area  of  actual  contact . 

According  to  References  /24  -  25/,  at  small  loads  Eq.  (5)  passes  over  into 
the  formula  of  Coulomb  or  Aaonton. 

In  all  the  above  studies,  a  decrease  in  the  coefficient  of  friotion  of  polymers, 
including  polyamides,  was  observed  with  increasing  load.  This  decrease  in  the 
coefficient  of  friotion  is  particularly  sharp  at  uaall  loads  in  fiber  friction. 

Taking  account  of  the  views  developed  by  B.  V.  Deryugin  on  the  friotion  of 
solid  bodies  /26-27/,  which  consider  the  possibility  of  a  variation  of  the  frictional 
foroe  independently  of  the  area  of  actual  oontact,  the  theoretical  correctness  of  the 
correlation  of  the  frictional  foroe  only  with  the  area  of  actual  oontact  of  the  body 
nay  be  doubted. 

According  to  data  of  I.  V.  Kragel'skiy  and  V.  S.  Shohedrov  /28/,  on  the  friotion 
of  metals,  the  frictional  foroe  is  determined  by  the  values  of  the  unit  pressures  on 
the  areas  of  aotual  content,  vhioh  depend  both  on  the  elasto-plastio  properties  of 
the  material,  and  on  the  shape  of  the  surface  irregularities  and  the  character  of 
the  curvature  of  the  supporting  surface. 

It  would  seem  that  in  the  case  of  polymers  the  frictional  foroe  cannot  depend 
only  on  the  area  of  aotual  oontact.  However,  the  agreement  in  the  character  of  the 
load  dependence  of  the  frictional  foroe,  Eg.  (2),  and  the  load  dependence  of  the 
area  of  aotual  oontact,  Eq.  (4),  speaks  for  the  view  that  while  there  do  exist 
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factors  distorting  these  relations  thsir  influence  is  clsarlj  small  and  praotioally 
speaking  it  is  preoisely  this  variation  in  ths  area  of  actual  oontaot  that  is  of 
decisive  importance  in  ths  load  dspsndsnos  of  ths  frietional  foros  for  polymers. 

In  oonoeotion  with  ths  faot  that  in  ths  friotion  of  polymers  on  steel  and  other 
materials  the  character  of  the  load  dopendenoe  of  the  frictional  force  is  subject  to 
the  predominant  influence  of  the  variation  of  the  area  of  actual  oontaot  and  are 
close  together  for  all  polymers,  it  would  be  difficult  to  draw  any  conclusions  at 
all  about  the  features  of  the  interaction  between  frictional  materials  based  only  on 
this  single  relation. 

The  Influence  of  the  Sliding  Sneed  on  the  Friotion  of  Polymers 

Only  a  few  authors  have  studied  the  influence  of  the  sliding  speed  on  the 
friotion  of  polymers.  1st  us  briefly  consider  the  results  of  the  most  Important 
of  such  studies. 

Gralen  and  Olofsson  /?/,  investigating  the  friotion  of  fibers  against  fibers 
in  a  relatively  narrow  range  of  speed  (at  V  <  1.5  cn/seo),  obtained  only  a  small 
decrease  in  the  coefficient  of  friotion  with  increasing  sliding  speed.  This 
permitted  the  conclusion  that  the  coefficient  of  friction yu.  of  fibers,  including 
polyamide  fibers,  is  praotioally  independent  of  the  sliding  speed.  A  certain 
increase  in  )K  with  decreasing  speed,  as  well  as  the  faot  that  ths  value  of  /H8  is 
greater  than is  explained  by  Olofsson  /6/  as  the  result  of  the  more  eomplete 
oontaot  and  the  engagement  between  the  surface  irregularities  (^8  and  >1^  are  the 
respective  statlo  and  kinetic  coefficients  of  friction). 

Mils  and  Sargent  /29/  studied  the  friction  of  a  number  of  polymers.  Their 
tests  were  run  on  the  scheme  of  intersecting  cylinders,  one  of  which  was  steel  at 
slidii^  speeds  of  4.0  to  186.5  cm/ sec.  The  speed  had  a  different  effect  on  the 
variation  of  the  coefficient  of  friotion  of  different  polymers.  Thus  in  the 
polyamides  he  observed  an  inorease  in  the  coefficient  of  friotion  with  increasing 


8 


speed  up  to  *  certain  value  (61  om/aeo) ,  which  subsequently  held  constant.  The 
sane  was  observed  in  the  frlotion  of  polytetrafluoroethylene  with  fillers  of 
molybdenum  disulfide  or  oopper.  A  sinilar  relation  was  obtained  for  polytetra- 
fluoroethylene  by  other  authors  /30-31/.  In  sone  polymers ,  however  (polystyrene 
and  cellulose  acetate)  the  ooeffloient  of  friction  declined  with  increasing  speed 
in  the  sane  range. 

Mils  and  Sargent  relate  the  character  of  the  dependence  of ^  on  the  sliding 
speed  to  the  difference  in  the  relation  between  the  statio  and  the  kinetic  component 
when  a  discontinuous  displacement,  "gripping-slipping,"  takes  place. 

Sporkert  and  Hahn  / 32/  ran  experiments  on  the  friction  of  various  polymers 
against  "teel  in  the  scheme  "sphere-plane."  When  the  speed  was  increased  to 
1  on/ sec,  they  observed  a  decline  of  the  ooeffloient  of  frlotion.  On  further 
increase  of  the  speed  to  10  on/ sec,  the  coefficient  of  friction  of  various  polymers. 
Including  polyamide  and  polytetrafluoroethylene,  increased. 

Studies  by  many  authors  /13,  33-35/  have  shown  that  on  friction  of  rubbers 
against  a  hard  base  (glass  or  metal)  the  coefficient  of  frlotion  increases  with 
sliding  speed.  This  increase  continues  until  other  factors,  heating  or  vibration, 
begin  to  exert  the  decisive  influence  on  the  character  of  this  relation. 

Ye.  A.  Ghudakov  /36/  explains  the  increase  in  the  faroe  of  friction  of  rubber 
with  increasing  sliding  speed  by  the  fact  that,  since  rubber  is  an  elastic  body, 
the  sliding  of  various  surface  elements  at  low  speeds  is  not  simultaneous.  This 
causes  what  might  be  celled  an  inoomplete  utilisation  of  the  normal  force  in  the 
formation  of  the  frictional  resistance.  With  increasing  speed,  the  number  of 
elements  sliding  simultaneously  increases,  and  the  force  of  friction  also  increases. 
The  explanation  of  the  increase  of  frictional  force  with  speed  proposed  by  <*•  M. 
Bartenev  and  A.  Shall  smakh  is  closely  related  with  their  views  on  the  mechanism  of 
frlotion  of  rubber.  This  question  will  be  discussed  in  more  detail  below. 
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Or.  the  basis  of  the  above  w»  may  not*  that  in  various  polymeric  materials  the 
slicing -speed  dependence  of  the  ooeffloient  of  friotion  takes  different  forma: 

a)  the  ooeffloient  of  friotion  of  rubber  increases  with  increasing  sliding 
speed  within  certain  Units; 

b)  for  piastios,  no  ti  iigle  character  rf  variation  of  the  frictional  force 
with  sliding  speed  is  observed.  Since  the  studies  have  covered  only  rather  narrow 
ranges  of  sliding  speed,  which  have  not  been  the  sane,  and  have  been  perfoxmed  under 
various  conditions,  it  is  diffioult  to  establish  ary  general  law  of  variation  of 
friotion  for  various  groups  of  plasties  or  polyamides. 

The  existing  difference  in  the  speed  dependence  of  the  frletlonal  force  in 
various  polymers  is  consistent  with  the  view  that  the  peculiar  properties  of  polymers 
themselves  affect  the  character  of  this  relation. 

The  Influence  of  Temperature  on  Polymer  fr lotion 

The  peculiar  aeohanloal  and  structural  features  of  polymers  result  in  a  sharp 
teg&perature  dependence  of  their  physloo  meoha nicaJL  properties.  There  is  little 
information,  however,  on  the  temperature  dependence  of  the  frictional  force  of 
polymers.  No  studies  at  all  hove  been  performed  on  the  temperature  dependence  of 
polyamide  friotion. 

Shooter  and  Thomas  /37/t  investigating  the  friotion  of  polymers  against  each 
other  and  in  pairs  with  steel  on  the  so heme  "sphere-plane"  in  a  lumber  of  polymers, 
observed  a  certain  increase  in  frictional  force  with  temperature.  Polystyrene 
showed  the  greatest  growth.  A  temperature  rise  from  20  to  80°C  increased  the 
coefficients  of  friotion  from  0.5  to  0.65-0.70. 

A  temperature  rise  to  200°C  hod  no  effect  on  the  friotion  of  polyt etrafluoro - 
ethylene  against  polytetrafluoroethylene,  nor  against  steel,  but  did  increase  the 
ooeffloient  of  friotion  of  steel  against  polytetrafluoroethylene  from  0,09  to  0.14. 
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King  and  Tabor  / 38/  investigated  the  effect  of  temperature  on  the  mechanical 
properties  and  coefficient  of  friction  of  polyethylene,  polytetrafluoroethylene, 
polytrifluorc-ethylene  and  polymethyl  methacrylate. 

The  test  was  run  on  the  scheme  w sphere -plane "  on  pairs  of  similar  materials. 

The  authors  found  that  the  coefficient  of  frictions  for  the  polymers  investigated 
varies  in  accordance  with  the  ratio  S/H,  where  S  is  the  shear  resistance  of  the 
polymer  in  bulk  and  H  is  the  hardness,  from  the  unrestored  impression  from  indenta¬ 
tion  by  a  ball. 

A  study  of  M.  M.  Khrushchov  and  Jfe.  M.  Shvetsova  showed  that  temperature  has 
a  different  effect  on  the  coefficient  of  friotion  of  braks-shoes  of  different 
material*:  in  some  cases  it  increased  that  coefficient,  and  in  other  oases  decreased 

it  /39/. 

In  the  opinion  of  I.  V.  Kragel'sldy  arm  Troyanovs Jcaya  /AO,  41/.  the  diner- 
ence  in  the  character  of  variation  of  the  coefficients  of  friotion  with  temperature 
is  due  to  the  different  character  of  the  variation  of  the  mechanical  properties  of 
plastios,  their  hardness,  toughness  and  shear  resistance. 

In  a  study  of  rubbers  /35/,  /42/,  it  was  found  that  the  friotional  force 
declines  sharply  with  increasing  temperature,  but  that  an  increase  in  temperature 
above  a  certain  level  leads  to  the  rise  of  that  force. 

In  studies  performed  at  constant  tensile  force,  S jhall amaoh  obtained  the 
following  temperature  dependence  for  the  sliding  speed  of  rubber: 

Vtm^oetx  —  —  Ei  fmRT),  (la) 

where  Vy  =  const  is  the  sliding  speed  at  constant  tensile  force;  A^»  %  and  R 
are  constants,  and  T  is  the  absolute  temperature. 

Based  on  the  form  of  dependence  obtained,  he  proponed  that  the  friction  of 
rubber  is  a  process  related  to  activation.  It  is  precisely  by  this  that  the 
character  of  the  temperature  snd  speed  dependence  of  the  coefficient  of  friotion 
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of  rubber  is  determined.  With  this  treatment ,  the  role  of  that  pert  of  the  frlc- 
tionel  force  connected  with  wear  end  deforme tion  is  excluded  from  consideration. 

He  oonsiders  the  share  of  the  friction  related  to  wear  to  be  negligible.  He  does, 
however ,  show  a  substantial  influence  of  deformation  end  of  the  oh&nges  in  the 
physical  properties  of  the  eurfaoe  layers  of  rubber  during  friction  on  the  value  of 
the  frictional  force  /42/, 

On  the  basis  of  ties*  data  it  may  be  concluded  that  the  character  of  the 
temperature  dependence  in  polymeric  materials  varies.  In  the  rubbers,  when  the 
temperature  increases  to  a  certain  level,  a  sharp  decline  in  the  coefficient  of 
friction  is  observed.  In  plastios,  a  temperature  rise  has  various  effects  on  the 
frictional  force.  The  nonuniform  temperature  dependence  of  the  frictional  foroe 
among  various  polymers  permits  the  conclusion  that  specific  properties  of  the 
polymers  affect  the  character  of  these  dependences. 

Some  Peculiarities  of  the  Properties  of  Polyamides 

Polyamides  are  compounds  containing  peptide  groups  between  hydrocarbon  chains. 
Their  structure  corresponds  to  the  general  formula  -  IB  -  ft  -  CONH-R-CONH,  where  ft 
are  hydrooarbon  chains  with  several  CH2 -groups. 

The  polyamides  presented  in  Table  1  are  today  the  most  widely  used  in  the  USSR 
for  technical  purposes. 

Figure  1  jkjf  shows  the  structure  of  a  polyamide  with  oriented  ohain  molecules. 

The  NH  groups  ere  for  the  most  part  attached  to  the  00  groups  of  the  adjacent 
molecules  by  means  of  hydrogen  bonds.  The  presence  of  intermoleoular  hydrogen  bonds 
increasing  the  energy  of  intermoleoular  cohesion,  is  of  deolsive  influence  on  the 
properties  of  polyamides:  the  melting  point,  the  modulus  of  elasticity,  the  rigidity 
etc.  But  since  not  all  the  polar  groups  of  the  neighboring  molecules  are  able  to 
forts  hydrogen  bonds,  owing  to  the  distance  between  then,  some  of  them  are  present  in 
the  polyamide  in  the  unbonded  state  /43,  44/. 
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Table  1 

Name 

Siaplified  Chemical 

Speoifica- 

f  4  AMI 

Teohnioal 

Chemical 

forwiA 

C&pron 

Polyoaprcdaota* 

(~NH  (CHi)»CC— )„ 

V'iT  i/IOi  P 

Ho,  69*56 

AJC-7 

Polybexamethylenaadipaaide 
(for  the  aost  part) 

(-NH(CH*)*NHCO 
(CHi)«Cb— }„ 

VXU  No.  M90-57 

P-68 

Polyhexamethyleneeebec amide 

(— NH  (CH,), 

NHCO  tCH*)»CO— )„ 

TU  GJQiP 

So.  M617-57 

Polyamides  are  crystalline  polymers  /45-46/»  The  oryatale,  in  the  form  of 
platea  and  needles,  are  formed  by  polar  peptide  groups,  between  vhioh  flexible 
polymethylene  segments  are  looated  in  random  arrangement.  The  molecular  chains 
pass  through  the  crystals  in  transverse  direction  /47,  48/. 

As  shown  by  the  studies  of  V.  A.  Kargin,  G.  L.  Slonimskiy,  and  T.  I.  Sogolova, 
crystalline  polyaers  possess  peculiar  properties  which  differ  sharply  from  those  of 
amorphous  polymers.  The  ideas  of  three  physical  states,  of  the  value  of  the 
dimensions  and  of  the  flexibility  of  the  chain  molecules  of  amorphous  polymers 
/ 49-51/  cannot  be  directly  applied  to  crystalline  polymers  /52-54/. 

In  contrast  to  amorphous  polymers,  the  curves  of  deformation  of  crystalline 
polyamides  ►  ve  regions  of  elongation  sharply  demarcated  from  each  ether. 
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Fig.  2.  Temperature  dependence  of  hardness  of  polyamides 
according  to  data  of  l5?/i 

1  -  capron;  2  -  P-68 


Another  peculiarity  is  the  considerable  increase  in  the  modulus  of  elasticity 
under  the  influence  of  great  mechanical  stress.  In  connection  with  the  structural 
peculiarities  of  polymers  and  the  existence  of  long  chain  molecules,  completely 
crystalline  polyamides  do  not  exist.  The  degree  of  crystallinity  depends  on  the 
rate  of  cooling  from  the  melt  and  on  the  subsequent  beat  treatment. 

The  mechanical  properties  are  primarily  determined  by  stress  and  temperature. 
The  molecular  weight,  orientation,  moisture  content  and  other  f Motors  exert  a  great 
influence  / 54-56/. 
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Table  2 


Property 

Polyamides 

OTsS  6-6-3 
_  Bronte 

Capron 

U-7 

P-68 

(ohiU  cast) 
Bronte  /58/ 

bhort-time  tensile 
strength  <r  kg/cm2 

60C-650 

500-650 

400-500 

1800-2500 

Modulus  of  elasticity 
in  tension,  ti,  kg/ear 

- 

15000 

12100 

900,000 

Brine 11  hardness  KB, 
kg/cm2 

10-12 

15-18 

14-15 

65-75 

Specific  gravity  y , 
g/cm3 

1.13 

1.14 

1.11 

8, 82 

Coefficient  of  linear 
expansion  ex  per  1°C 

10-18*10-5 

10-11  *1(T> 

11— 12*10— ^ 

1.7*10-5 

Coefficient  of  thermal 
conductivity  A, 
cal/°C-cm-aec 

O-KMint 

2240* 10 ^ 

Melting  point  t,  °C 

215 

240-243 

210-215 

960 

Figure  2  shows  the  Yarlatlon  of  hardness  of  several  polyamides,  according  to 
data  of  A.  D.  Kuritsina  and  P.  G.  Meystner  /5 7/. 

Table  2  gives  the  principal  physic  omochanical  properties  of  polyaaldes 
(according  to  data  of  the  Plastlos  Research  Institute)  and  also  the  data  for  OTs S 
b rente  6-6-3* 

By  comparison  with  brorue  0TsS  6-6-3,  the  polyaaldes  are  distinguished  by  a  low 
coefficient  of  thorns!  conductivity,  a  high  coefficient  of  tharnal  expansion,  a 
relatively  low  salting  point,  and  a  low  specific  gravity. 

nffoot  of  Heat  Tree  taunt  on  the  Friction  of  Polyaaldes 

The  data  on  the  Influence  of  heat  treatment  of  polyaaldes  on  friction  are 
incomplete  and  scattered. 

Jacoby  /59/  investigated  the  Influence  of  heat  treatment  on  deformation  and 
the  coefficient  of  friction  of  polyamide  bushings.  The  heet  treatment  consisted  in 
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holding  the  artioles  in  machine  oil  at  150cC  for  24  hr.  Before  tasting  the  specimens 
war#  kept  in  water  for  24  hr.  After  boat  treatment  tha  coefficient  of  friction  in 
taat  without  lubrication  in  a  pair  with  ataal  according  to  tha  scheme  "shaft ■'bush" 
at  a  load  of  65  kg/o*2  decreased  from  0.23  to  0.19,  but  at  load  150-200  kg/om2, 
there  was  no  difference.  Tha  defomation  of  polyamide  in  a  friction  unit  under  load 
decreased  fro*  5*  to  0.5£. 

No  changes  on  examination  of  tha  structure  in  polarised  light  were  detected. 

Olsen  /60 /  investigated  the  affect  of  heat  treatment  of  polyamides  on  certain 
meohanioal  properties  and  on  their  structure.  Be  subjected  specimens  of  polyamides 
(first  dried  in  vacuo  at  t  *  60°C  for  10  days)  to  a  neat  treatment  consisting  in 
prolonged  holding  at  100,  120  and  150°C  in  various  media:  maohlne  oil,  in  an 
atmosphere  of  OO2,  in  a  jet  of  steam,  and  in  molten  salts.  All  forms  of  heat  treat¬ 
ment  led  to  a  certain  increase  of  hardness  (10-20£).  The  author  notes,  however, 
that  the  improvement  in  mechanical  properties  is  lost  after  absorption  of  moisture 
by  the  specimen. 

No  changes  could  be  detected  on  examination  of  sections  of  the  polymer  by 
polarised  light. 

According  to  the  experimental  results  of  Cseah  workers  /6l /,  heat  treatment  in 
hot  oil  at  160  or  180° C  significantly  increases  the  hardness  of  poiyaraaes.  rirnire  3 
shows  the  variation  in  the  hardness  of  oapron  aooording  to  these  data. 

The  melting  of  the  surfaoe  layers  of  polyamide  by  Infrared  Irradiation  or  by  a 
blast  of  hot  air  followed  by  alow  cooling  leads  to  the  appearance  of  spherulites 
in  the  structure  and  to  an  increase  In  surface  hardness.  The  coefficients  of 
friction  deoline,  particularly  with  good  lubrication.  The  wear  resistance  is 
considerably  increased  / 62/ . 

In  these  studies,  except  for  the  examination  of  thin  sections  of  polymer  in 
polarised  light,  no  structural  studies  were  performed.  At  the  same  time,  several 
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investigators  did  specially  study  the  structural  changes  in  heat  treatment,  using 
the  methods  of  X-ray  analysis. 


Fig.  3*  Hindness  of  oapron  plotted  against  temperature  and 
duration  of  heat  treatment  / 61/ . 

a)  kg/m*2  b)  hr 

The  results  of  Fuller,  Baker  and  Pape  /46/  distinctly  showed  an  increase  in 
crystallinity  in  slowly  cooled  species  ns  (t  =  204°C)  and  indicated  that  the 
conditions  of  crystallisation  were  better  in  polyamides  slowly  cooled  in  the  range 
200-215°C  than  in  those  held  for  a  longer  period  at  a  lower  teaperature  (200°C). 

An  increase  in  crystallinity  was  also  observed  at  160°C.  With  Increasing  tempera¬ 
ture,  however,  the  degree  of  crystallinity  also  increased. 

I.  V.  Mikhaylov  and  V.  0.  BLesman  /63/  also  found  that  whan  oapron,  rapidly 
cooled  from  the  eelt,  was  heated  to  175-180°C,  it  passes  flram  the  nonequilihrium 
undercooled  amorpnous  state  to  the  equilibriuai  crystalline  state. 

A  change  in  the  font  of  the  X-ray  patterns  was  also  found  after  heat  treatment 
at  lower  temperatures  /64/,  vhioh  indicates  that  the  prooess  of  crystallisation  of  a 
polyamide  coommnoes  at  temperatures  eve  a  lower  than  the  glass  transition  point,  but 
proceeds  slowly.  On  approaching  the  glass  transition  point,  the  rate  of  crystal¬ 
lisation  increases  and  is  more  and  more  accelerated  with  increasing  temperature. 
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These  data  are  evidence  that  on  heat  treatment ,  under  oertain  conditions,  the 
polyamide*  undergo  structural  changes.  Qe grad stive  prooesses  also  take  plaoe 
during  heat  treatment  /65/.  Under  the  action  of  temperatures  over  90°C  and  other 
factors  (ultraviolet  irradiation  or  acids)  the  following  processes  may  take  place 
in  polyamides: 

(1)  cleavage  of  the  noleoules  at  the  C  -  N  bonds  of  the  peptide  group,  forming 
smaller  molecules  of  the  same  chemical  structure; 

(2)  a  chaise  in  the  degree  of  crystallinity  or  local  order  in  the  molecular 
arrangement,  including  a  change  in  the  packing  of  the  hydrocarbon  segments,  a 
redistribution  of  the  dipoles  and  hydrogen  bonds; 

(3)  a  change  in  the  quantity  of  firmly  bound  water,  and  also  of  the  organic 
liquids  serving  as  plasticisers. 

Tho  holding  of  polyamides  at  elevated  temperatures,  especially  in  presence  of 
oxygen,  causes  a  considerable  decline  in  tensile  strength  /66,/.  Thus  a  stay  of 
10-12  hr  at  100°C  lowers  the  tensile  strength  by  12-14^.  A  temperature  rise  to 
200°C  for  the  same  time  lowers  the  tensile  strength  by  35-3751. 

Thus  many  investigators  have  found  changes  in  structure  and  the  degradstive 
processes  in  polyamides  when  held  at  elevated  temperatures,  although  the  effect  of 
heat  treatment  on  the  antifrlctional  properties  of  polyamides  has  not  been  suffi¬ 
ciently  studied. 

Questions  in  the  Theory  of  Polymer  Friction 

There  are  various  views  on  the  mechanism  of  polymer  friction  and  the  basic 
factors  that  determine  it. 

dome  authors  give  data  pointing  to  the  existence  of  a  correlation  between 
polymer  friotion  and  adhesion. 

Shooter  and  Thomas  /37/  investigated  the  friotion  of  polyethylene, 
polytetrafluoroethylene,  polystyrene,  and  polymethyl  methacrylate  in  pairs  of  the 


sm»  substance,  The  coefficients  of  friction  were  found  to  depend  on  the  molecular 
cohesion  of  the  polymer.  In  this  ooimeotion  the  Authors  as  suited  that  the  friction 
of  polymer  against  polymer  depends  on  the  adhesion  between  the  surfaoesy  which  in 
turn  depends  on  the  molecular  oohesion. 

Bowers,  Clinton  ari  Zisaan  /67/»  studying  the  friction  of  polytetrafluoro- 
ethylene  and  its  derivatives,  confirmed  the  influence  of  molecular  activity  of 
polymers  on  their  friction. 

They  showed  /lO,  12/  that  the  expression  far  the  coefficient  of  friction  of 
polymers,  including  polyamides,  aooording  to  the  adhesion  theory,  is  of  the  form 


where  £  is  the  shear  reaistanoa  of  the  bonds  formed  on  friction;  £  is  the  bulk  shear 
resistance  of  the  polyamide;  is  the  resistance  of  the  material  to  flow,  equal  to 
its  hardness  from  the  nonre stored  impression  (E),  determined  from  the  indentation  of 
a  ball. 

On  the  basis  of  the  close ness  of  the  values  of  the  shear  resistance  of  the 
bonds  formed  on  friction  (s),  and  of  the  bulk  resistance  of  the  polymer  to  shear 
(S),  Bowden,  Tabor  and  others  /68-72 /  by  analogy  to  the  theory  developed  by  them 
for  metals,  oame  to  the  conclusion  that  the  aeebanioal  friotion  of  polymers  and 
metals  is  fundamentally  one  and  the  same.  Since  the  shearing  of  bonds  takes  place 
in  the  depths  of  the  softer  material,  the  polymer,  the  ooefftoient  of  friction  is 
determined  by  the  meohanioal  properties  of  the  polymer:  the  sheer  resistance  (S) 
and  the  hardness  according  to  the  unrestored  impression  (H). 

Polytetrafluoroethylene  is  an  exception.  The  shear  resistance  of  bonds  formed 
in  it  during  friction  is  considerably  leas  than  its  shear  resistance  in  bulk. 

In  Bowden's  opinion,  the  meohanima  of  friction  in  polymers  and  hard  bodies 
differs  only  in  details  and  is  due  to  the  differences  in  the  chemical  nature  of  the 
polymers  and  to  the  fact  that  polymers  are  highly  elaetio  materials  whose  deformation 
depends  on  the  geometry  of  the  surfaces,  the  load  aid  the  loading  time. 
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Studies  by  Greenwood,  Tabor  et  al.  /?3,  7 4/  hare  ahown  that  one  of  the  eouroee 
of  the  formation  of  a  frictional  force  by  rubber  and  other  polymsrs  nay  be  the 
defoliation  losses*  In  oases  where  the  adhesion  between  the  surfaces  is  snail  and 
the  local  defoliation  is  relatively  great,  vhioh  nay  be  the  oase  in  lubricated 
friction,  the  friction  oan  be  determined  almost  entirely  by  hysteresis  losses* 

G.  H.  Bartenev  /75,  76 /,  and  S  chill  ana  oh  /3 5/  treat  the  mechanism  of  rubber 
friction  as  a  molecular -Idneti 0  process.  On  contact  of  rubber  with  the  surfaoe  of 
a  solid  body,  its  moleoular  chains  adhere  to  that  surfaoe*  The  number  of  chains 
in  contact  with  the  surface  of  the  solid  body  depends  on  the  roughness  and  the 
value  of  the  normal  pressure*  £aoh  ohain  is  in  contact  for  a  limited  time,  and  then 
makes  a  Jump  to  a  new  site  of  contact*  On  application  of  an  external  foroe,  the 
conditions  are  established  for  a  Jump  primarily  in  the  direction  of  the  foroe. 

For  the  friction  of  rubber  of  any  degree  of  roughness  against  a  smooth  hard 
surface  (with  microprojections  450  X  high),  G.  M.  Bartenev  arrived  at  the  following 


expression  for  the  sliding  speed  at  lew  values  of  the  foroe  F: 


v=£Ler*? 


(8) 


and  at  high  values  of  the  foroe  £ 

ft r 

where  X  is  the  mean  distanoe  between  adjacent  sites  of  contact;  )f 


(9) 

X/2Nk;  Nk 


being  the  number  of  chains  in  contaot  with  the  surfaoe  of  the  solid  body;  £  is  the 
Boltzmann  constant;  T  is  the  absolute  temperature;  and  U  is  the  energy  barrier* 

On  the  basis  of  the  formulas,  at  F  =  0,  the  sliding  speed  of  rubber  is  0. 


The  aui'*hor  draws  urn  conclusion  that  the  dry  friction  of  rubber  is  an  arbitrary 
quantity  depending  on  ‘'■he  acouraoy  of  measurement  and  the  experimental  conditions, 
and,  in  contrast  co  the  dry  friotion  of  hard  bodies  /77/,  is  characterized  by  the 
fact  that  the  force  and  coefficient  of  friction  at  rest  are  both  0.  Somewhat  later, 
on  the  basis  of  an  analysis  of  the  results  of  Du "well  and  ftabinowioz  /78/,  who 
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found  a  sharp  decrease  in  the  oooffiolent  of  friction  of  indium  with  decreasing 
sliding  speed  to  2  x  10“9  om/seo,  G.  M.  Bartenev  and  G.  1.  iSpiphanov  cane  to  the 
conclusion  that  the  molecular  component  of  friction  of  a  rubber-like  polymer 
resembles  that  of  a  metal,  both  being  of  moleoular-klnetio  nature  /79/* 

G.  M.  Bartenev  considers  that  his  theory  of  friction  oan  be  applied  to  the 
friction  of  other  high-polymer  amorphous  materials  at  temperatures  above  the  glass 
transition  point. 

S.  B.  Ratner,  from  a  comparison  of  oertain  features  of  the  process  of  friction 
of  rubber  with  the  friction  of  hard  bodies  comes  to  the  conclusion  that  the  laws  of 
friction  of  rubber  and  haz'd  bodies  are  in  many  respects  analogous,  which  indicates 
the  presence  of  similar  elements  in  their  mechanism  /80/. 

Ratner  bases  his  work  on  the  applicability  of  the  molecular  theory  to  the 
friction  of  rubber  /81-82/. 

1.  V.  Kragel'skly,  starting  out  from  the  general  propositions  developed  by  him 
in  the  molecular -mschanioal  theory,  considers  the  friotional  force  of  rubber  (F)  as 
the  sum  of  two  components  / 83/: 

F  =  Fmol  +  Fdef 

where  Fuel  is  the  component  of  the  friotional  foroe  due  to  molecular  interaction  and 
Fdef  is  the  component  of  that  foroe  due  to  deformation.  In  turn, 

Fmoi  =  T  iiol^r 

where  is  the  specifio  molecular  force  of  friction; 

Ap  is  the  area  of  actual  contact,  and 

Fdef  =  W/d, 

where  W  is  the  work  of  repulsion  of  the  material; 

a  is  the  diameter  of  the  oontaot  spot  of  a  contacting  projection. 

Thus  various  views  on  the  mechanism  of  friction  of  polymers  exist  today.  A 
number  of  investigators,  besides  G.  M.  Bartenev,  defend  the  correctness  for  polymers 
of  one  theory  or  another  of  the  friction  of  hard  bodies.  I.V.  Kragel'skly  starts 
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out  from  the  Applicability  of  the  molecular -meo  hard  cal  theory  to  polymers.  Many 
foreign  workers  base  their  studies  on  the  adhesion  theory,  b.  B.  fiatner  considers 
that  the  molecular  theory  is  true  for  polymeric  materials. 

To  eluoidate  the  applicability  of  any  of  the  above  theories  of  friction  to 
the  friction  of  polyamides,  an  experimental  study  is  required. 

It  is  also  dear  from  the  above  survey  that  on  the  basis  of  the  data  now  avail¬ 
able  no  complete  representation  oan  be  formed  about  the  behavior  of  polyamide  under 
friction,  and  the  principal  faotors  on  which  the  value  of  the  frictional  force 
depend  can  likewise  not  be  established. 

The  speed  dependence  of  the  friction  of  a  polyamide  over  a  vide  range  of  speeds 
has  not  been  investigated.  Yet  a  knowledge  of  this  dependence  might  give  valuable 
information  on  the  mechanism  of  interaction  in  friction.  The  range  of  speeds  in  the 
existing  studies  does  not  exceed  a  factor  of  50. 

The  effect  of  temperature  on  the  friction  of  polyamides  has  not  been  studied 
at  all. 

The  effect  of  heat  treatment  has  been  insufficiently  investigated. 

In  connection  with  the  above,  we  performed  an  experimental  study  to  eluoidate 
the  following  questions: 

(1)  the  influence  of  load,  sliding  speed  and  temperature  on  the  friction  of 
polyamide; 

(2)  the  effect  of  heat  treatment  on  the  hardness  and  friction  of  polyamide; 

(3)  to  find  the  principal  faotors  determining  the  friotion  of  polyamide  against 
steel  under  the  operating  conditions  for  bearing  materials. 
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CHAPTER  II 


TEST  APPARATUS  AND  METHOD 

The  friction  of  polyud.de  •gainst  steel  was  investigated  for  the  frietion  of 
the  specimens  according  to  the  following  schemes:  "shaft-partial  bashing," 
"sphere-plane"  and  "shaft-boshing"  on  specially  designed  apparatus  and  devices. 

The  test  on  the  schwas  of  "shaft-bushing"  was  run  on  a  stand  of  the  Department 
of  Metallurgy  and  Materials,  OHMS  /j&cperimental  Research  Institute  for  Machine 
Tools/. 

Apparatus  for  friction  and  wear  testing  on  scheme  "shaft-partial  bushing." 

The  test  apparatus  for  friction  and  wear  w*s  based  on  the  Skoda -Savin  machine 
(Fig.  4),  in  which  the  disc  1  abrades  the  specimens  2,  held  in  the  clamps  3.  Under 
the  action  of  a  load,  the  body  of  the  working  head  is  lowered  as  the  specimen  is 
worn  down.  The  wear  is  estimated  by  the  aid  of  the  indicator  4. 


23 


4 


Fig*  4,  Schematic  diagram  of  operating  unit  of  Skoda-Savln  machine. 


The.  newly  designed  apparatus,  differing  from  this  Machine,  runs  the  test  on 
the  scheme  of  "shaft-partial  bushing"  (Fig.  5)«  In  designing  the  loading  system, 
the  base  was  the  scheme  of  the  parallelogram  previously  used  in  the  "ft"  machine 
/84/.  The  shaft  of  the  machine  is  the  steel  disc  1,  and  the  specimens  are  the 
bushings  2,  made  of  the  test  polymer. 

The  body  of  the  attachment  3  is  fastened  to  the  stand.  The  load  ft  is  trans¬ 
mitted  to  the  lever  5  through  the  lever,  the  plunger  4,  and  the  annular  bracket. 

One  end  of  it  is  hingedly  attached  to  the  body  3,  the  other  end  hingedly  attached 
to  the  orosspiece  6,  connected  by  the  straps  7  to  the  clip  8,  in  which  the  specimens 
2  are  fastened.  All  the  supports  are  knife-edge. 


2 


Fig.  5*  Schematic  diagram  of  apparatus  for  friotion  and  wear  tests 
aooording  to  scheme  of  "shaft-partial  bushing." 
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Under  the  action  of  frlotion,  the  dip  8  tends  to  rotate  together  with  the 
disc*  It  is  prevented  fro*  rotating  by  the  string  oonneoted  to  the  flat  spring  9* 

The  clip  is  fixed  in  axial  direction  by  the  aid  of  the  fluoroplast  f-h  support, 
placed  in  the  groove  of  the  clip.  Arrangements  are  provided  for  adjusting  the 
position  of  the  dip  in  axial  direction  and  on  the  circumference  of  the  disc. 

The  wear  is  evaluated  by  the  aid  of  the  indicator  of  the  Skoda  machine  from 
the  depression  of  the  ollp  attached  to  the  plunger  k.  The  indicator  is  graduated 
~n  one -micron  soale  divisions. 

The  force  of  frlotlon  is  measured  from  the  deformation  of  the  flat  ring  by  the 
aid  of  resistance  sensing  elements. 

This  apparatus  permits  testing  under  loads  of  0.05  to  25  kg,  at  sliding  speeds 
of  0.167  to  2.5  a/ sec,  with  and  without  lubrication.  In  the  latter  oaae  a  special 
funnel  directing  the  lubricant  to  the  friction  surface  of  the  disc  is  attached  to 
the  dip.  The  diameter  of  the  discs  is  30  am,  and  the  width  is  6  mm.  The  material 
and  finish  of  the  friction  surface  may  be  vended  according  to  the  object  of  the  study. 

The  specimens  used  in  the  test  are  prepared  in  the  form  of  the  strips  1 
(jig.  6,  a)  2  x  2  x  5  am,  attached  to  the  steel  body  of  the  partirl  bush  2  by  means 
of  the  wedges  3,  or  in  the  fora  of  partial  bushes  theasdves  (Fig.  6,  b).  The 


a  )  6  kr 


Fig.  6.  fiuuapOLes  of  partial  bushings, 
a  -  assembled;  b  -  Integral 

partial  bushes  are  installed  in  the  groove  of  the  clip  8  (Fig.  5)  in  the  fom  of 
a  "dovetail"  and  are  fixed  in  lateral  direction  by  two  supports.  The  friction 
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surface  of  the  specimens  i»  finally  finish-ground  after  they  hare  been  placed  in 
the  aaohine.  Instead  of  the  working  disc  a  disc  of  the  sane  dlaensicns  with  emery 
paper  pasted  on  its  outer  surface  is  placed  in  the  aaohine.  The  grinding  is 
continued  until  the  surface  of  the  speoimsns  is  oompletely  fresh  and  the  height 
required  has  been  attained. 

Devioe  for  testing  with  artificially  heated  specimens  is  employed  in  conjunc¬ 
tion  with  the  above-desorlbed  apparatus. 


HnpuSopj/ 


Fig.  7*  Schematic  diagram  of  apparatus  for  friction  testing  with  artificial 
heating  of  specimens, 
a)  to  instrument 

The  oopper  rod  1  is  tightly  pressed  against  the  working  diso  2  and  rotates 
together  with  it.  The  heating  is  by  the  aid  of  the  tubular  electric  heater  3* 
fastened  in  the  clamps  of  the  machine  and  moving  on  the  rod  with  the  clearance  of 
1  mm.  The  heat  is  regulated  by  an  auto transformer .  The  temperature  ie  measured 
in  the  specimens  at  a  distance  of  1  mm  from  the  surfaoe  of  friction  by  the  aid  of 
oopper-oonstantan  thermocouples  0.04-0.06  mm  in  diameter.  The  oold  junction  is 
placed  in  a  thermally  insulated  space  whose  temperature  is  checked  by  a  thermometer. 

Devioe  for  testing  under  various  heat-removal  conditions.  The  heat  removal 
conditions  through  tbs  shaft  were  varied  by  mesne  of  artificial  cooling  of  the  disc 
(Fig.  8).  On  a  oopper  rod,  tightly  pressed  against  th»  disc,  the  oorrmgated  ring  1 
is  screwed  ,  Part  of  this  disc  is  submerged  in  the  water  flowing  through  the  small 
bath  2.  Tne  rate  of  water  flow  is  adjusted  according  to  the  desired  degree  of 
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cooling  of  the  specimens.  If  necessary,  the  water  oaming  fro*  the  mein  is  further 
cooled  in  the  coil  3*  submerged  in  *  vessel  with  melting  loe. 

The  rate  of  water  flow  and  its  initial  temperature  are  regulated  in  order  to 
vary  the  degree  of  heat  removal  within  wide  limits. 


Fig<  8.  Schematic  diagram  of  device  for  friction  testing  under  various 
heat-removal  conditions, 
a)  discharge;  b)  from  water  pipe 

Device  for  testing  of  friction  during  translational  motion  of  specimens.  The 
friction  during  translational  motion  of  the  specimens  was  investigated  on  friction 
in  the  scheme  "sphere-plane «  on  the  apparatus  shown  schematically  in  Fig.  9. 

On  the  guide  frame  1  the  carriages  2  and  3  are  displaced.  The  flat  specimen  4 
is  fastened  on  the  stage  of  the  oarriage  2.  The  translational  displacement  la 
obtained  by  a  lead  screw  driven  by  an  electric  motor  through  the  reducer  5*  The 
carriage  3  with  the  bracket  6  attached  to  it  is  displaced  by  rotating  the  handle  of 
the  lead  screw.  From  the  bracket,  on  suspensions  on  knife-edge  supports,  is 
suspended  the  plate  7,  to  which  the  rod  8  is  attached  by  means  of  a  stand  and  the 
two  flat  springe  9*  To  the  lower  end  of  the  rod  is  attached  a  holder  with  the  second 
specimen  10.  Provision  is  made  for  heating  it.  It  is  lowered  by  placing  the  weights 
11  on  the  arm  of  the  rod  9. 
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Fig*  9.  Schematic  diagram  of  device  for  friction  testing  on  scheme  of 

"sphere-plane"  with  progressive  displacement  of  specimens. 

The  carriage  4  with  the  flat  specimen,  in  moving,  carries  along  the  specimen 
10.  Its  displacement  is  opposed  by  the  spring  12  connected  with  the  plate  7  by 
means  of  the  spring  13. 

The  force  of  friction  is  estimated  from  the  deformation  of  the  spring  by  the 
aid  of  sensitive  resistance  elements.  The  rate  of  displacement  of  the  flat  specimens 
may  be  varied  within  wide  limits,  but  in  this  work  it  was  always  0.000003  m/sec.  The 
load  can  be  varied  from  0.01  to  5*0  kg. 

Heated  indentor  and  stage  for  the  Super-Rockwell  instraent.  Figure  10  gives 
the  schemes  of  the  indentor  and  stage.  The  spirals  of  the  electric  heaters  1  and  2 
are  used  for  the  heating.  The  temperature  of  the  specimens  3  is  measured  by  copper- 
cons  ten  tan  thermocouples  4  (d  ~  0.1  am)  oemented  into  them.  The  temperature  of  the 
indentor  ball  is  measured  by  the  thermocouple  5»  whose  hot  Junction  is  calked  into 
the  indentor  at  a  distance  of  0.2-0. 3  ma  from  the  surfaoe  of  the  ball. 

Stax*}  for  testing  bushings  in  friotion.  Figure  11  shows  the  working  unit  of 
the  stand.  On  the  shaft  of  the  machine  are  seated  the  removable  steel  bushings  1, 
whose  outer  surfaces  are  the  friotion  surf  aces .  The  upper  clip  2  of  the  lowering 
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Apparatus  rests  on  tbs  ball  bearings  3*  To  it  is  hingedly  attaobed  th'  lower  clip 
4  with  the  test  bushing  5  attached  to  it. 


Fig.  10.  Scheme  of  heated  lndentor  and  stage  for  Super-ftooavell  instnaent. 


Fig.  11.  Schematic  diagram  of  working  unit  of  test  stand  for  bushings. 

Lowering  is  accomplished  by  pulling  the  clips  by  the  spring  dynamometer  6, 
and  in  this  case  the  bushing  5  i«  pressed  against  the  shaft  (bushing  1). 

The  frictional  force  is  Measured  from  the  deformation  of  the  flat  spring  7, 
which  keeps  the  apparatus  from  rotating  during  operation. 

The  friction  in  the  ball  bearin'  ^  is  estimated  from  a  special  calibration. 

Depending  on  the  test  regime  ad  ^ed,  the  lubricant  is  supplied  either  by  a 
pump  or  by  a  special  dropper. 
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CHAPTER  UI 


STUDY  OF  FRICTION  OF  FOLYAMIDKS 

Serration  of  specimens.  The  tests  for  the  friction  of  polyamides  against 
steel  were  run  on  the  scheme  of  "shaft-partial  bushing"  on  the  machine  shown  by 
Fig.  5. 

The  discs  were  made  of  steel  St.UlO Their  working  surface  was 
ground  and  polished  before  each  test.  The  surface  finish  corresponded  to  A  7* 

After  polishing,  the  discs  were  cleaned  by  a  stiff  brush  under  running  water, 
dried  with  c.  cloth  and  washed  twice  with  ether.  The  clip  and  other  parts  of  the 
machine  close  to  the  friction  surfacer  were  periodically  rinsed  with  gasoline  and 
ether . 

The  polymer  specimens  were  in  the  form  of  bars,  2x2x5®.  The  friction 
surfaces  of  the  specimens  (F  =  20  wo?)  were  cleaned  before  the  tests  by  a  disc  with 
emej*y  paper  under  a  load  of  0.2-0. 3  kg  at  140  rpm. 
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The  tests  were  run  on  polyamides  (oapron,  AK  -  7  and  P  -  68)  in  the  air-dried 
state.  The  specimens  were  prepared  from  discs  2.5  am  thick,  and  100  mm  in  diameter, 
cast  in  a  cold  pressure  mold  on  a  casting  machine.  The  properties  of  the  polyamide 
Investigated  corresponded  to  the  standard  specifications. 

fne  effect  of  load  on  the  coefficient  of  friction  of  polyamides.  In  the  tests 
for  friction  without  lubrication,  the  sliding  speed  was  constant  (v  =  0.22  m/sec). 

The  load  was  varied  in  the  range  from  0.5  to  4.5  kg  (unit  load  2.5-22.5  kg/cm2). 

The  loads  over  2  kg  were  applied  in  two  stages:  the  first  stage  was  2  kg  and  the 
full  load  was  applied  in  10-15  min.  The  wearing -in  was  under  full  load,  lasting 
1.5-3  hr  and  was  completed  by  the  total  renewal  of  the  specimen  surface.  In  the 
test  we  took  account  only  of  the  wear  during  the  period  at  constant  rate  of  wear 
and  constant  coefficient  of  friction.  This  period  lasted  from  1.5  to  7  hr.  More 
prolonged  tests  were  run  at  smaller  loads. 

Figure  12,  a  and  b,  shows  the  load -dependence  of  the  coefficient  of  friction 
and  the  rate  of  wear  of  capron,  in  miorons  per  km  of  sliding  travel. 

In  the  second  series  of  teats,  after  finishing  the  final  grinding,  the  load 
was  suspended  in  stages,  beginning  with  a  minimum  (0*5  kg)  up  to  the  load  correspond¬ 
ing  to  a  sharp  increase  in  the  coefficient  of  friction.  The  duration  of  the  tests 
for  each  stage  assured  a  constant  frictional  force  for  not  less  than  30  min. 

The  load  dependence  of  the  coefficients  of  friction  of  the  test  polyamides , 
in  the  form  of  the  mean  values  of  the  results  of  three  tests  of  each  polymer,  are 
shown  in  Pig.  13. 

It  will  be  seen  from  Pigs.  12,  a  and  13,  that  at  loads  up  to  1  kg  a  certain 
increase  in  the  coefficient  of  friction  with  increasing  load  is  observed.  A  sharp 
increase  in  the  coefficient  of  friction  when  a  certain  "critical*  load  is  exceeded 
is  accompanied  by  apparent  adhesions  of  the  polyamide  to  the  disc  and  a  decrease  in 
the  rate  of  wear. 
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Fig.  12.  Load  depervdenoeof  coefficient  of  friction  (a)  and  rats 
of  wear  (b)  of  capron. 

1.  Ah/AS,  f/ka  2.  kg 


Fig.  13*  Load  dependence  of  ooafflciant  of  frlotion  of  polyaaddas 
1  -  P-68;  2  -  AK-7;  3  -  capron.  a)  kg 


The  changes  on  the  friotion  surface  at  loads  above  critical  are  of  a  certain 
interest*  The  friction  surface  of  the  disc  with  adhering  particles  of  polyamide 
is  shown  in  Fig.  14,  a  and  b.  With  increasing  thickness  of  the  adhering  layer, 
it  is  scraped  off  by  the  specimen*  On  Fig.  14,  b,  two  flakes  of  polyamide  can  be 
seen  before  their  separation  from  the  surface  of  the  disc. 

Further  increase  in  the  severity  of  the  conditions  causes  melting  of  the 
surface  layer  of  polyamide.  The  surfaoe  of  the  specimen  is  deformed  and  has  a 
corrugated  appearance  (Fig.  14,  c). 

On  the  surface  of  the  disc  (Fig.  14,  d),  adhere  extremely  minute  particles  of 
molten  polyamide,  which  roll  down, combining  into  rather  large  formations  disposed 
normally- to  the  direction  of  sliding. 


Fig.  14.  Friotion  surface  of  discs  and  specimens  of  polyamides  under 
various  conditions. 
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Thus  the  results  of  the  tests  show  that  the  coefficient  of  friction  of 
polyamides  does  not  reiudn  constant  under  varying  load.  At  loads  above  the 
oritioal,  the  ooeffloient  of  friotion  rises  sharply.  This  is  the  result  of  the 
changes  taking  plaoe  on  the  friotion  surface  and  manifesting  themselves  externally 
in  the  adhesion  of  particles  of  polyamides  to  the  disc.  The  ra' i  of  wear  when 
this  happens  decreases. 

rhe  results  of  these  experiments  differ  from  the  results  of  other  workers 
(Chapter  l)v  in  which  the  coefficient  of  friction  of  all  polymers,  including 
polyamides,  declines  with  increasing  load,  for  various  sohemes  of  friotion. 

Since  in  the  above  described  tests,  the  specimen  temperature  increased  with 
increasing  load,  while  the  studies  discussed  in  the  survey  were  run  under  conditions 
excluding  any  heating  of  the  specimens,  we  may  assume  that  the  differences  are 
connected  with  the  influence  of  the  temperature. 

The  influence  of  the  sliding  speed  on  the  coefficient  of  friotion  of  polyamides. 
The  experiments  were  run  in  unlubricated  friction  on  the  above  described  apparatus 
(Fig.  5)  using  an  additional  reducer  with  a  gear  ratio  of  1:16500. 

The  load  was  held  constant  at  1  kg  (unit  load  equals  5  kg/cm^).  The  sliding 
speed  was  increased  in  stages  from  1.3  x  10”5  to  1.3  m/sec  (from  80  x  10~5  to  80 
m/min).  The  tests  were  long  enough  to  assure  constant  coefficients  of  friction 
during  each  stage  for  not  less  than  15*30  min. 

Figure  15  shows  the  dependence  of  the  coefficients  of  friotion  of  capron  on 
the  sliding  speed.  In  connection  with  the  great  range  of  the  speeds,  a  logarithmic 
scale  is  used  for  th  -  speeds. 

The  increase  in  the  coefficients  of  friction  with  decreasing  sliding  speed  in 
the  range  of  very  wall  speeds  (the  left  branch  of  the  curve)  is  apparently 
connected  with  the  increased  contact  surfaoe  as  a  result  of  increased  duration  of 


the  contact  between  the  surfaces. 


"a* 
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Fig.  15.  Coefficient  of  friction  of  capron  vs.  sliding  speed, 

(1)  log  v,  m/min 

In  the  range  of  speeds  of  the  greatest  practical  interest  (the  right  branch 
of  the  curve),  the  coefficient  of  friction  increases  with  the  sliding  speed.  Its 
sharp  rise  coincides  with  the  appearance  of  polyamide  adhesions  on  the  steel  disc. 

A  similar  picture  was  observed  in  the  earlier  tests  under  loads  above  the 
"critical. M  This  suggests  that  the  cause  of  the  sharp  increase  in  the  cf  fficients 
of  friction  is  the  same  in  both  oases,  and  is  connected  with  the  rise  in  the  tempera¬ 
ture  of  the  friction  surface. 

The  results  of  the  studies  of  the  speed  dependence  of  the  coefficient  of 
friction  of  polyamides  considered  in  Chapter  1  are  on  the  whole  in  agreement  with 
those  presented  in  this  chapter  and  correspond  to  various  regions  of  the  curve 
(Fig.  15)  oovering  a  considerably  greater  range  of  variation  of  the  sliding  speed. 

It  does  not  correspond  to  the  speed  dependence  of  the  coefficient  of  frictions 
found  by  other  investigators  for  rubber. 

The  influence  of  temperature  on  the  coefficient  of  friction.  Temperature  rise. 
The  experiments  were  run  on  the  apparatus  (Fig.  5)  with  the  attachment  of  fig.  7, 
at  a  load  of  1  kg  (unit  load  5  kg/o*2)  and  a  sliding  speed  of  0.22  m/sec. 


In  unlubrioated  fraction,  under  these  conditions,  the  temperature  of  the 
specimens,  measured  at  a  distance  of  1  mb  from  the  friction  surface,  was  4-5°C 
above  tho  temperature  of  the  ambient  air;  in  lubricated  frlotion  the  difference 
was  no  more  than  1°C. 

Unlubricated  friction.  A  series  of  tests  was  run  on  oapron  specimens.  The 
electric  heater  was  turned  on  after  the  final  grinding  was  finished.  The  tempera¬ 
ture  was  increased  from  20  to  60-70°C  in  2) -4  hr.  The  rate  of  temperature  rise  in 
these  experiments  was  varied.  There  were  periods  of  constant  temperature  and  of  a 
certain  decline. 


Fig.  16.  Dependence  of  coefficient  of  friction  (1)  and  temperature 
(2)  of  capron  on  artificial  heating. 


(a)  hr 


It  will  be  seer,  from  Fig.  16  that  the  ourve  of  the  ooeffloient  of  friction  of 
capron  follows  the  temperature  curve  rather  distinctly.  With  increasing  temperature 
an  increase  in  the  coefficient  of  friction  is  observed.  The  appearance  of  adhesions 
visible  to  the  naked  eye  on  the  disc  corresponds  to  a  temperature  of  about  5Q°C 
(marked  by  the  hatching  on  the  figure). 

A  similar  picture  (Fig.  17)  was  observed  in  tests  of  other  polymers;  AJC-7  and 

F-68. 
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fig.  1?.  Temperature  dependence  of  coefficient  of  friction  of  polyamides 
-nder  Artificial  heating. 

1  -  oapron;  2  -  P-68;  3  -  AK-7 


Lubricated  friction.  The  tests  were  run  on  oapron  specimens.  The  lubricants 
used  were  industrial  oils  *12”  and  "45"  which  differ  considerably  from  each  other 
in  viscosity  (their  specific  visoosity  at  50°C  was  1.96  and  6.02  respectively). 

The  lubricant  was  fed  to  the  friction  surface  at  the  rate  of  3  drops  in  5  min.  The 
rate  of  heating  was  in  all  cases  approximately  the  same.  The  temperature  of  the 
specimens  was  increased  until  their  surfaoe  layer  melted. 

In  the  well-polished  specimens  the  friction  before  the  heat  was  turned  on  was 
minimum,  but  its  increase  began  immediately  after  the  temperature  rise  commenced. 

In  the  poorly-polished  specimens  with  a  higher  Initial  friction,  the  increase 
in  the  coefficients  of  friction  was  somewhat  delayed.  At  the  end  of  the  tests, 
however,  the  coefficient  of  friction  was  the  same,  regardless  of  the  initial  finish 
of  the  speoimsns. 

The  results  show  that  on  friction  of  oapron  lubricated  by  indue trial  oils  the 
coefficient s  of  friction  with  increasing  temperature  increases  continuously  (Fig. 
18,  a  and  b).  It  increases  particularly  when  a  less  viscous  oil  is  used.  The 
melting  of  the  surface  layer  of  the  specimen  leads  to  a  decrease  in  the  coefficient 
of  friction. 
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The  temperature  of  the  o apron  speoiaen,  measured  at  a  distance  of  1  mm  from 
the  friction  surface  at  the  instant  that  surface  reaches  the  melting  point  of  oapron 
was  on  the  average  160°C,  corresponding  to  a  temperature  drop  of  55°  C. 

To  determine  the  sensitivity  of  the  variation  of  the  coefficients  of  frlotion 
to  the  variation  of  temperature  in  lubricated  friction,  the  electric  heater  was 
periodically  turned  off  and  the  temperature  of  the  specimens  declined,  partially  or 
completely. 

from  the  results  of  one  such  test,  using  industrial  oil  **12,"  a  graph  was 
plotted  (Fig*  19,  a,  b,  o).  It  will  be  seen  from  it  that  the  variation  of  the 
coefficient  of  friction  distinctly  follows  the  temperature. 

from  the  results  of  the  second  and  third  heating  (Fig.  19*  b,  c)  the  dependence 
of  the  coefficient  of  friction  on  the  temperature  measured  at  a  distance  of  1  am  from 
the  surface  was  plotted  (Fig.  20). 

The  relation  obtained  on  the  first  heating  is  not  included  in  the  graph,  since 
during  the  first  test  the  specimens  were  additionally  polished,  thus  facilitating 
the  heating.  The  scatter  of  the  experimental  points  is  slight,  indicating  that  the 
value  of  description  is  determined  primarily  by  the  temperature  level,  and  that  no 
irreversible  change::  ooour  on  the  friction  surfaces  with  changing  temperature. 

Thus  with  inoreasir^  temperature  in  friction  with  lubrication  by  industrial 
oils,  as  with  unlubricated  friction,  the  friction  of  the  polyamides  increases 
continuously. 

Decline  of  temperature.  The  tests  were  run  in  lubricated  friction  of  oapron 
specimens  under  a  load  of  1  kg  (unit  load  5  kg/cm2)  and  a  sliding  speed  of  0.22 
m/ sec . 

To  increase  heat  removal  the  device  shown  in  Fig.  8  was  used. 

After  completir^  the  final  polishing  of  the  specimens  a  water  bath*  was  applied 
to  the  ribbed  disc,  and  the  diso  was  partially  submerged  in  the  bath.  The 
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Fig.  18.  Temperature  dependenoe  of  coefficient  of  motion  of  oapron 
with  various  lubricants. 


a  -  industrial  oil  "12"  U/,  industrial  oil  "12"  with  1*  of  oleic  acid 
added  (2);  b  -  industrial  oil  "45"  (1),  industrial  oil  "45"  with  1 >  of 
oleio  aold  added. 
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Fig.  19*  Relation  of  coefficient  of  friction  (1)  and  temperature  (2) 
of  cepron  specimens  to  period  of  artificial  heating. 

a  -  first  heating;  b  -  second  heating;  c  -  third  heating.  (1)  hr 
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Fig.  20.  Coefficient  of  friction  of  eapron  ▼».  temperature  of 
specimens. 

tempera tux-e  01  the  specunens  r..easurea  at  a  aistance  oi  1  ran  ixor*  the  inction 

surface  was  24-26°C  before  cooling,  and  by  the  end  of  the  test  it  was  17°C,  l.e., 
it  declined  by  7-9°C. 

The  ooefficient  of  friction  declined  fro*  0.47  to  0.25  fc»y  approximately  half). 

The  character  of  the  variation  of  the  coefficient  of  f -lotion  on  periodic 
cooling  Kill  be  seen  from  Fig.  21.  Interruption  of  the  cooling  leads  to  the 
restoration  of  the  initial  value  of  the  coefficient  of  friction. 

To  check  whether  the  vapor  in  the  air  condensed  on  the  friction  surface  does 
not  encourage  the  lowering  of  the  ooefficient  of  friotlon,  we  ran  a  special 
experiment.  Under  the  cooled  specimens,  during  the  period  when  toe  coefficient  of 
friction  had  not  yet  fallen  to  its  final  value,  at  a  distance  of  200-250  ma  from 
the  diec,  a  vessel  with  water  heated  to  40-45°C  was  applied  for  1  sec.  It  was 
expected  that  if  the  fall  in  the  ooefficient  of  friotlon  were  due  to  the  formation 
of  a  film  of  moisture,  then  its  artificial  formation  on  account  of  the  condensation 
of  the  evaporated  water  would  accelerate  the  decline  in  the  coefficient  of  friction, 
but  the  effect  was  in  fact  the  opposite.  The  coefficient  of  friotlon  increased 
instantaneously  by  s  factor  of  1.5  and  then  slowly  declined  but  did  not  reach  its 
Initial  level  during  the  experiment  that  lasted  1.5  hr. 

Thus  in  the  test  with  artificial  cooling,  as  in  the  preceding  tests  with  arti¬ 
ficial  heatir^,  we  found  a  sharp  temperature  dependence  of  the  coefficient  of 
friction  of  the  polyamide. 
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Fig.  21.  Relation  of  coefficient  of  frin>  ’ on  of  cap? on  to  period  of  cooling, 
a)  without  cooling;  b)  with  cooling;  (1)  hr. 


The  existence  of  a  sharp  temperature  dependence  of  the  coefficient  of  friction 
of  a  polyamide  indicates  the  Justification  of  the  previous  hypothesis  that  the 
temperature  dependence  exerts  its  influence  on  the  character  of  the  load  dependence 
and  the  sliding  speed  dependence  of  the  coefficient  of  friction. 

The  reproducibility  of  the  results,  and  the  rather  close  agreement  in  the 
variation  of  the  coefficient  of  friction  and  the  temperature,  speak  for  the  view 
that  the  changes  taking  place  on  the  friction  surface  are  of  reversible  nature  and, 
othor  conditions  being  equal,  are  determined  only  by  the  temperature,  which,  in 
turn,  is  determined  by  the  heat  removal  from  the  unit. 

For  a  combined  evaluation  of  tho  effeot  of  heat  removal  on  the  behavior  of 
c apron  during  unlubricated  friction,  we  ran  a  series  of  experiments.  The  tests  were 
performed  on  c apron  specimens  according  to  the  scheme  "shaft-partial  bushing” 

(Fig.  4)  with  the  device  for  artifioial  heating  (fig.  8)  at  loads  of  1  to  9  kg 
(unit  load  from  5  to  45  kg/cm2)  under  sliding  speed  of  0.22  m /sec. 

we  determined  the  values  of  the  coefficient  of  friction,  the  temperature  and 
the  rate  of  wear  Ah/A.S.  The  latter  was  determined  from  the  decrease  in  the 
thickness  of  the  c apron  specimen  during  a  disc  travel  of  1  km. 
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On  Fig,  22  the  dashed  lines  show  the  mean  results  of  the  tests  of  three 
specimens  obtained  under  normal  heat  removal  and  the  heavy  lines  show  the  results 
with  intensified  heat  removal. 

It  will  be  clear  from  the  figure  that  under  the  same  loads  and  sliding  speeds 
the  coefficient  of  friction,  the  rate  of  wear  and  the  temperature  of  tho  specimens 
are  all  lower  with  intensified  heat  removal. 
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Fig,  22.  Load  dependence  of  coefficient  of  friction  (1), 
temperature  (2)  and  rate  of  wear  (3)  of  capron  specimens. 


(a)  A  h/A  S, /</km  (b)  kg 


The  shape  of  the  curve  is  somewhat  modified.  There  is  an  increase  in  the 
greatest  load  at  which  no  adhesion  and  no  sharp  rise  in  the  coefficient  of  friction 
are  observed.  In  this  oase  the  oritical  load  increased  over  three  times. 

Thus  the  tests  to  evaluate  the  influence  of  the  temperature  of  the  antifriction 
properties  of  polyamides  show  that  the  ooeffioient  of  friction,  the  rate  of  w ear  and 
the  oritical  load  of  a  polyamide  all  depend  sharply  on  the  temperature. 

With  rising  temperature  the  antifriction  properties  of  polyamides  continuously 
decline . 

Variation  of  the  temperature  of  tne  surface  layer  of  a  capron  specimen  under 
conditions  corresponding  to  the  beginning  of  polyamide  adhesion  to  the  disc.  The 
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experiments  were  run  on  the  Skoda-Savln  maohine  in  outting  of  the  diso  1  into  the 
speoimen  2  at  constant  friction  surfaoe  (Fig.  23,  *). 

The  specimens  were  prepared  by  bonding  two  capron  plates  with  a  oeaent  consist¬ 
ing  of  a  solution  of  capron  in  a  10-15%  aqueous  solution  of  phenol.  Between  the 
plates  was  plr  <d  a  thermocouple  made  of  oopper  and  oonstantan  wires  0.03  *■  in 
diameter.  The  hot  junction  was  piaoed  at  a  distance  from  the  edge  of  the  specimen 
such  that,  after  cementing  and  finishing  the  friction  surfaoe,  it  would  be  approxi¬ 
mately  0.4  mm  from  it.  On  finishing  the  friction  surfaoe,  the  specimen  was  fastened 
in  the  damps.  Instead  of  the  working  diso  a  disc  of  the  same  diameter,  but  made  in 
the  form  of  a  milling  cutter,  was  installed.  The  finishing  was  performed  under 
translational  displacement  of  the  specimen  relative  to  the  rotating  milling  cutter. 
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Fig.  23.  Scheme  of  test  (a)  and  character  of  temperature  distribution 
in  surface  layer  of  oapron  specimen  under  friction  conditions  corres¬ 
ponding  to  beginning  of  adhesion  of  polyamide  to  disc  (b). 

a)  distance  to  thermocouple, p 

The  thermocouples  were  calibrated  after  being  cemented  to  the  specimens. 

The  thermoourrent  was  Measured  by  a  GZS-4?  mirror  galvanometer  with  scale 
divisions  of  0.25°C. 

The  specimens  and  discs  were  twice  r  need  with  ether  before  the  test. 

The  tests  were  run  under  load  of  3*5  kg  (unit  load  17.5  kg/cm2)  and  a  sliding 
speed  of  0.22  m/sec. 
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These  conditions  wars  so  selected  that  an  inoraasa  in  tha  3 cad  by  0.5  kg  abova 
that  salsotsd  would  laad  to  tha  adhasion  of  polyamide  to  tho  diso  in  5**10  min. 

As  tho  spaoiman  was  worn  down,  tho  hot  Junction  of  tha  thermocouple  approaohad 
tha  friotion  surfaoa.  Tha  thioknoss  of  the  abradad  layer  was  astiaatad  from  an 
indicator  graduated  in  divisions  of  1  micron.  Tha  temperature  was  periodically  read. 
Tha  test  was  run  until  tha  hot  junction  reached  tha  friotion  surfaoa.  The  combined 
wear  of  tha  spaoiman  and  tha  hot  junction  slightly  ineraasod  tha  temperature  (by 
3-4°C). 

After  tha  test,  lasting  16-18  hrs,  an  extremely  thin  layer  of  adhering 
polyamida  was  observed  on  tha  disc.  Tha  re grinding  of  tha  diso  and  tha  removal  of 
tha  adhering  layer  did  not  change  tha  temperature . 

Thus  on  tha  basis  ol  tha  results  obtained,  bearing  in  mind  that  tha  diameter 
of  tha  hot  junction  of  tha  thermocouple  was  0.04-0.05  am,  it  may  bo  considered  that 
tha  measured  maximum  temperature  of  64°C  corresponds  to  tha  mean  temperature  of  a 
surfaoa  1  *er  about  0.04-0.05  mm  thick  under  friction  conditions  corresponding  to 
tha  beginning  of  polyamide  adhesion  to  tha  diso. 

The  conclusion  may  be  drawn  from  these  experiments  that  tha  temperature  exerts 
a  decisive  influence  on  tha  character  of  the  change  of  the  coefficient  of  friotion 
of  polyamides  with  a  change  in  conditions. 

With  rising  temperature  tha  antifriction  properties  of  polyamides  decline 
continuously. 

Since  even  a  relatively  small  change  in  temperature  causes  a  considerable 
increase  in  the  coefficient  of  friotion,  it  may  be  asserted  that  the  temperature 
is  the  most  important  factor  determining  the  friotion  of  polyamides.  This 
proposition  must  be  taken  into  account  in  solving  problems  connected  with  tha 
introduction,  operation  and  design  of  polyamide  bearings. 

At  tha  same  time,  in  order  to  improve  the  operating  efficiency  of  polyamide 
bearings  and  Improve  their  antifriction  properties,  one  must  know  what  properties 
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of  the  polymer  (mechanical,  physical  or  chemical)  predominantly  define  its  friotion. 
It  is  also  important  to  know  the  direction  in  which  these  properties  should  he 
modified. 

The  oharaoter  of  the  properties  of  the  material  that  determine  friotion  is 
obviously  closely  connected  with  the  fundamental  form  of  Interaction  in  friction. 

For  this  reason  the  establishment  of  the  fundamental  fora  of  interaction  in  friotion 
is  extremely  important  for  the  solution  of  practical  and  theoretical  problems  of 
polyamide  friotion. 

In  connection  with  the  fact  that  there  is  no  clear-cut  solution  of  this  problem 
for  polyamides,  we  staged  a  series  of  speoial  experiments. 

Before  reporting  these  investigations  we  shall  dwell  on  the  experiments  to  find 
the  effect  of  heat  treatment  on  the  hardness  and  friotion  of  polyamides. 

The  effect  of  heat  treatment  on  the  hardness  of  polyamides .  We  noted  earlier 
that  structural  changes  take  place  during  the  heat  treatment  of  polyamide.  It  is 
also  known  that  a  stay  of  a  polymer  at  elevated  temperatures  leads  to  the  removal 
of  the  moisture  acting  as  a  plasticiser,  and  that  on  this  account  it  increases  the 
rigidity  and  hardness  of  the  material  even  in  the  absence  of  structural  changes. 

Such  a  change  in  properties  is  of  short  duration.  It  disappeared  after  the  initial 
moisture  content  is  restored  in  the  polymer,  and  in  this  connection  it  is  net  of 
practical  significance  as  means  of  Improving  the  properties  of  the  material.  In 
contrast  to  this,  the  structural  changes  are  of  long-term  character  (provided  there 
is  no  heating  of  the  parts  during  operation  to  temperatures  exceeding  the  tempera¬ 
ture  of  heat  treatment). 

Obviously,  to  solve  the  problem  of  the  advisability  of  heat  treatment  as  a 
means  of  improving  the  properties  of  polymers,  it  is  very  important  to  know  why 
these  properties  do  change  during  heat  treatment  and,  accordingly,  to  know  hew 
long  its  results  can  persist. 
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In  our  studies  we  heat-treated  not  only  materials  in  their  original  air-dried 
state,  but  also  with  a  preliminary  drying  in  the  atmosphere  at  110°C  for  12  hr. 

A  stay  at  this  temperature  oould  not  oause  appreciable  structural  ohanges. 

Specimens  of  oapron,  AX-7  and  P-68  were  used  in  these  experiments. 

The  heat  treatment  consisted  in  holding  the  polyamide  from  7  min  to  6  hr  in  a 
bath  filled  with  oil  •'Vapor”  at  160,  190  and  220°C  (the  latter  only  for  AK-7).  The 
fluctuations  of  temperature  were  in  the  range  of  +5°C. 

To  evaluate  the  influence  of  oil  impregnation  of  the  specimens  on  the  heat 
treatment,  some  of  the  specimens  were  heated  in  capsules  in  argon  by  the  method 
developed  by  A.  P.  Semenov  /85/»  The  specimens  in  the  capsules  and  without  the 
capsules- were  submerged  in  the  hot  oil  and  removed  after  the  heat  treatment 
simultaneously,  and  were  then  oooled  to  20°C. 

Their  hardness  was  measured  on  an  Super-ftoekwell  instrument  by  'the  method 
developed  by  A.  D.  Kuritsina  /5?/. 

During  the  study,  besides  comparison  of  the  hardness  of  heat-treated  air-dried 
and  dry  specimens,  we  also  determined  the  effect  on  the  duration  of  the  polyamide 
properties  of  prolonged  impregnation  with  water  of  the  heat-tr  ’  xl  specimens  of 
both  types,  and  of  specimens  which  had  not  been  heat  treated. 

In  this  case  we  bore  in  mind  that  if  the  effect  of  structural  chaises  of  the 
polyamide  on  its  hardness  were  not  disclosed  in  connection  with  the  elevated  hard¬ 
ness  of  the  specimens  dried  at  moderate  temperatures  than  heat  treated  at  high 
temperatures,  it  might  still  be  manifested  in  specimens  containing  moisture  and 
possessing  less  rigidity. 

The  polyamides  were  Impregnated  in  distilled  water  at  18-20°C. 

Table  3  gives  the  hardness  of  the  polyamides  that  wax's  not  heat  treated.  It 
will  be  seen  from  the  table  that  the  hardness  of  the  specimens  first  dried  after 
impregnation  with  water  is  somewhat  higher  than  that  of  the  specimens  which  were 


not  first  dried  and  were  in  the  air-dried  state  until  impregnation.  The  hardness 
of  the  speoimens  of  AX -7  and  P-68  first  dried  and  then  impregnated  with  water  for 
600  hr  continued  to  decrease  on  subsequent  impregnation,  while  in  the  case  of 
specimens  which,  before  being  placed  in  water,  were  in  the  air-dry  state,  an 
increase  in  the  duration  of  impregnation  had  only  a  slight  effeot  on  the  hardness, 
and  that  only  on  P-68, 


Table  3 


State  of  Specimen 

Capron 

H,  kg/am2 

AK-7 

P-68 

Air-dry  . . . 

5,7 

7,0 

6,8 

After  impregnation  with  water  for  600  hr 
(air-dry  before  impregnation)  ............ 

3,6 

4,0 

4,7 

Same,  for  1200  hr  (air-dry  before 
impregnation)  . . . . . 

3,6 

4,0 

4,3 

Dried  at  110°C  for  12  hr  . . 

After  impregnation  with  water  for  600  hr 

12,0 

13,0 

10,5 

(dried  before  impregnation)  . . . 

4,1 

4,6 

6,2 

Same  for  1200  hr  (dried  before 
impregnation)  . . . . 

4,1 

4,1 

5.0 

This  is  evidence  that  the  specimens  of  P-68  and  AX-7  that  were  first  dried 
reach  a  state  of  saturation  more  slowly. 

The  change  in  the  hardness  of  the  polyamides  after  heat  treatment  for  6  hr 
is  shown  by  Pig.  24,  a,  b,  c,  and  Table  4  gives  its  values. 

It  will  be  clear  from  tbs  figures  and  table  that  the  hardness  of  the  speoimens 
after  heat  treatment  was  considerably  greater  than  the  hardness  in  the  air-dried 
state. 

The  hardness  of  the  dried  specimens  after  heat  treatment  in  oil  at  190  and 
220°C  increased  slightly,  and  at  160°C  it  even  declined  somewhat. 

The  heat  treatment  of  dried  specimens  in  capsules  filled  with  argon  at  190 
and  220°C  did  not  increase  the  hardness. 
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Fig.  24.  Dependence  of  hardness  of  polyamides  on  heat  treatment. 

a  -  capron;  b  *  AX-7;  c  -  P-68  (specimens  of  polyamide  before  heat  treatment, 
dryj  heavy  lines;  air-<^:  dashed  lines);  1  -  after  heat  treatment,  dry; 

t*".  heft  tr**'c*orrt'  impregnation  in  distilled  water  at  20°C  for 
500  hr.  1  -  heat  treatment  in  oil  at  160°C;  2  -  same,  in  oil  at  190°C* 

at~220°C*  Arg°n  ^  190°CJ  4  "  *“*’  ^  oU  At  220°C?  5  -  same,  in  aigon 


After  saturation  with  water  the  hardness  of  all  specimens  sharply  declined. 
There  are  therefore  grounds  for  considering  that  the  rather  sharp  increase  of 
hardness  as  the  result  of  heat  treatment  of  polyamides  contain!  r*  moisture,  for 
instance  in  the  air-dried  state,  is  due  mainly  to  the  removal  of  water,  which  acts 
as  a  plasticizer.  The  return  of  moisture  to  the  polyamide  sharply  decreases  the 
effoct  so  obtained. 


48 


Table  4 


Hardness 


State  of  Specimen  Gwron _ AK-7  P-68 

kg/m2  $  kg/ma2  %  kg/m2  % 


Heat  treated  in  oil  at  160°C  (air- 

dry  before  heat  treatment)  . 

Same  at  190°C . . 

Same  at  l60°C  (before  heat 
treatment  dried  at  110°C  for  12  hr 

Same  at  190°C . . . . 

Same  at  220°C . . . 

Heat  treated  in  argon  at  190°C 
(before  heat  treatment  dried  12 

hr  at  110°C)  . 

Same  at  220°C  . 


12,0 

210 

12,4 

177 

10,0 

147 

13,6 

238 

13,2 

188 

12,4 

182 

11,5 

96 

12,2 

94 

3.9 

94 

13,8 

115 

13,3 

102 

116 

110 

- 

• 

13,4 

103 

• 

- 

- 

12,4 

95 

- 

- 

• 

- 

13,0 

100 

• 

- 

*  The  percentages  indicate  the  change  in  hardness  of  the  heat-treated 
polyamides  by  comparison  with  their  hardness  before  the  heat  treatment. 


In  heat  treatment,  moisture  is  removed  not  only  from  the  air-dried  specimens, 
but  also  from  those  dried  at  a  temperature  lower  than  that  of  the  heat  treatment. 
The  hardness  of  the  polyamides  after  heat  treatment  for  6  hr  and  another  impregna¬ 
tion  with  water  for  600  hr  is  given  by  Table  5* 

Table  5 


State  of  Specimen 


Hardness* 


Cawon 

lasrj 


.... 

k i/S?  i 


P  -68 

fcg/m2  % 


Heat  treated  in  oil  at  160°C  and 
impregnated  with  water  (air-dry 


before  heat  treatment) . . 

4,5 

12i> 

*■,4 

110 

6.3 

135 

Same,  at  190°C . . . . 

5,6 

153 

4,9 

12o 

7,9 

168 

Same,  at  160°C  (before  heat  treat- 

ment  dried  at  110°C  for  12  hr)  ... 

4,1 

m 

4,3 

94 

6,0 

97 

Same,  at  199°C  . . . . 

4,8 

117 

5.9 

119 

7,7 

124 

Same,  at  220°C  . . . 

— 

— 

«,5 

t41 

— 

— 

Heat  treated  in  argon  at  190°C  and 
impregnated  with  water  (before 
boat  treatment  dried  at  110°C 

for  12  hr)  . . . 

4,6 

113 

4,5 

99 

6,5 

104 

Same  at  220*C . . . . 

5,0 

109 

*  The  percentages  indicate  the  change  in  hardness  cf  specimens  heat  treated 
and  then  impregnated  with  water  by  comparison  with  the  hardness  of  specimens 
impregnated  with  water  but  not  heat  treated. 
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The  smallest  inorease  in  hardness  was  obtained  for  tha  specimens  heat-treated 
in  argon,  and  tha  greatest  for  tha  apecimena  heat  treated  in  oil*  It  is  possible 
that,  with  the  teohnique  of  investigation  adopted,  the  inorease  of  hardness  was  due 
to  a  considerable  extent  to  the  faot  that  after  the  sane  stay  in  the  water  the 
specimens  whiah  in  the  original  state  were  air-dried  oontained  » ore  water  than  those 
first  dried  before  impregnation,  and  I'urthor  dried  in  the  process  of  heat  treatment 
itself,  including  those  also  impregnated  with  oil  (of*  Table  3). 

With  increasing  temperature  and  duration  of  the  stay  in  oil,  the  saturation 
with  oil  increases.  The  effect  of  oil  impregnation  is  particularly  marked  if  we 
compare  the  hardness  of  specimens  of  AK-7  after  heat  treatment  in  oil  and  argon  at 
220°C. 

Apparently  the  absorption  of  oil  by  the  polyamide,  hindering  the  farther 
absorption  of  moisture,  may  enoourage  the  more  prolonged  persistence  of  the  elevated 
hardness. 

The  elucidation  of  the  process  and  structural  transformations  in  polyamides 
when  heated  in  air  to  110°C  and  on  heat  treatment  in  oil  at  higher  temperatures, 
is  a  separate  problem*  The  results  indicate  that  the  main  cause  of  the  inorease 
in  the  hardness  of  the  polyamides  after  heat  treatment  is  the  removal  of  moisture. 

The  irreversible  structural  changes  and  increase  in  crystallinity  that  take 
place  under  the  heat  treatment  conditions  adopted  cause  only  an  inorease  in  polyamide 
hardness  that  is  not  of  substantial  importanoe  for  practical  purposes. 

The  effect  of  heat  treatment  on  the  coefficient  of  Motion  and  the  limiting 
load  for  polyamides.  The  test  was  run  in  unlubrleated  Motion  by  the  scheme 
••shaft-partial  bushing"  (Fig.  5)* 

The  load  was  varied  over  the  range  from  2  to  7  kg  (unit  load  10-35  kg/om2). 

The  sliding  spaed  was  0.22  m/seo. 

nnre  25,  r.,  b,  ana  c,  shows  tr.e  curves  ei  lead  dependence  or  the  coenicient  oi 

Motion  during  heat  treatment. 
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Fig,  25.  Load  dependence  of  coefficient  of  friction  of  polyasddes. 
e  -  oapron;  b  -  AK-7;  c  -  P-68 


Specimens  of  cepront  AX-7  end  P-68  were  tested.  Various  batches  were  prepared 
as  follows:  saturation  with  distilled  water  for  600  hr  at  20°C  (curve  1);  the  same, 
followed  by  drying  in  air  at  110°C  for  12  hr  (curve  2);  the  Maw,  followed  by  heat 
treatment  in  "vapor"  oil  at  190° C  for  3  hr  (curve  3). 


Th«  oapron  specimens  ware  dried  in  air  at  110°C  for  12  hr  and  were  then  heat* 
treated  in  oapaulea  in  an  argon  atmosphere  at  190°C  for  3  hr  (curve  4,  Fig.  25,  a). 

‘The  temperature  fluctuations  during  heat  treatment  did  not  exceed  ±5°C. 

£aoh  point  on  the  graphs  corresponds  to  the  seen  value  of  the  results  of  three 
experiments . 

It  will  be  clear  from  the  graphs  that  drying  and  heat  treatment  lead  to  a 
decrease  in  the  coefficient  of  friotion. 

The  saturation  of  the  polyamide  with  oil  during  heat  treatment  bed  no  effect 
in  most  of  the  tests  on  the  values  of  the  coefficients  of  friction. 

The  increase  in  the  coefficients  of  friotion  of  polyamides  after  saturation 
with  water  is  apparently  the  result  of  an  increase  in  the  area  of  aotual  contact 
in  friotion,  due  to  the  decrease  in  hardness. 

The  critical  load  causing  the  beginning  of  a  sharper  rise  in  the  coefficient 
of  friotion  for  dried  and  heat  treated  specimens  is  somewhat  higher  than  for  moist 
specimens,  and  the  highest  load  values  are  noted  for  specimens  heat  treated  in  oil 
(Table  6). 


Table  6 


& 

% 

0 


ffj  CutTinn  o«t*xu 

Kpsriscm  nippn. 

|||  V  «T 

KJ 

^,„rn. 

AK-7  pi-m 

Hacuiiutiiiuft  Boxoi  ■  mtmt 

000  w  ups  20*  C . 

4. 

5 

4^ 

iloxcymeHiHi  s  tcscmhc  12  nae  ops 
110*  C . 

S 

5 

4.5 

TepMnecKS  oOpafioraNhuft  s  me¬ 
sne  3  nac  ops  190X  ■  micm  .  . 

5.5 

6 

«,5 

To  xe,  i  a  prose . 

5 

uoae: 


’l-otate  of  freemen;  ^—ntical  Load,  t 
3 -oapron;  4 -H-bfi;  5-^>aturatec  with  water* for 


cr* 


treated  3  hr  in  on  at 


m  .  - 

l'A'O;  tf-oaine ,  in  argon 


It  will  be  clear  from  Table  6  that  the  oritioal  load  for  specimens  heat 
treated  in  oil  is  higher  than  for  the  dried  specimens  (10,  20  and  44)5  higher  for 
oapron,  AJC-7  and  P-68  respectively) . 

This  increase  is  evidently  the  result  of  the  separation  of  the  oil  absorbed 
by  the  polyamide  during  heat  treatment,  when  the  friotion  conditions  are  made  more 
severe  above  a  certain  limit. 
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The  results  of  the  shore  studies  help  to  explain  the  date  of  other  authors, 
given  in  Chapter  I,  which  at  first  glance  are  contradictory*  They  indicate  that 
it  nay  be  advisable,  in  order  to  improve  the  antifrletlon  properties  of  polyamides, 
to  hold  them  in  heated  oil  at  the  highest  temperatures  possible,  without  causing 
destruction  of  the  shape  and  dimensions  of  the  articles,  with  the  object  of  wore 
complete  absorption  of  oil  by  then*  The  tests  have  shown,  however,  that  the  effect 
of  such  treatnent  on  the  operating  efficiency  of  polyaalde  bushings  is  snail. 

The  results  have  also  shown  that  the  change  in  the  hardness  of  polyanides 
after  beat  treatment  is  due  mainly  to  moisture  removal  and,  although  saturation 
with  oil  during  heat  treatment  favors  the  more  prolonged  maintenance  of  the 
elevated*  hardness,  the  effectiveness  of  this  means  of  changing  the  properties  of 
the  polymer  is  slight,  since,  during  operation,  as  the  initial  moisture  content  is 
restored  to  the  polymer,  the  disappearance  of  the  original  results  is  inevitable. 
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The  results  of  the  Above  studies  help  to  explain  the  data  of  other  authors, 
given  in  Chapter  I,  which  at  first  glance  are  contradictory.  They  indicate  that 
it  nay  be  advisable,  in  order  to  improve  the  antifriction  properties  of  polyamides, 
to  hold  them  in  heated  oil  at  the  highest  temperatures  possible,  without  causing 
destruction  of  the  shape  and  dimensions  of  the  articles,  with  the  object  of  more 
complete  absorption  of  oil  by  them.  The  tests  have  shown,  however,  that  the  effect 
of  such  treatment  on  the  operating  efficiency  of  polyamide  bushings  is  small. 

The  results  have  also  shown  that  the  change  in  the  hardness  of  polyamides 
after  heat  treatment  is  due  mainly  to  moisture  removal  and,  although  saturation 
with  oil  (hiring  heat  treatment  favor*  the  more  prolonged  maintenance  of  the 
elevated-  hardness,  the  effectiveness  of  this  means  of  changing  the  properties  of 
the  polymer  is  slight,  since,  during  operation,  as  the  initial  moisture  content  is 
restored  to  the  polymer,  the  disappear  owe  of  the  original  results  is  inevitable. 
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CHAPTER  IV 


FINDING  THE  PRIMARY  FORM  OF  INTERACTION  IN  FRICTION  OF  A 

POLYAMIDE-STEEL  PAIR 


In  developing  the  method  of  study  we  bore  in  Kind  that  in  finding  the  primary 
form  of  interaction  a  comparison  of  the  changes  in  the  coefficients  of  friction  in 
the  mechanical  properties  of  the  polymers  might  be  helpful.  For  mechanical  inter¬ 
action,  one  should  observe  a  connection  in  the  changes  of  these  characteristics . 
But  the  change  in  the  friotional  foroe  might  also  be  related  to  the  change  in  the 
mechanical  properties  in  the  case  of  molooular  interaction  as  well.  In  the  latter 
case  the  connection  is  due  to  the  dependence  of  the  area  of  actual  contact  on  the 
mechanical  properties. 

For  this  reason  the  existence  of  a  correspondence  between  the  change  in  the 
coefficient  of  friction  and  the  meoh>:nioal  properties  is  by  itself  still 


insufficient  to  warrant  a  judgment  as  to  the  primary  for*  of  interaction.  The 
absence  of  suoh  correspondence,  however,  would  indioate  that  it  is  not  the 
aeohanical  properties  that  primarily  determine  the  value  of  the  frlotional  force 
and,  consequently,  that  the  nonmeohanLoal  interaction  is  the  primary  fora.  In 
this  latter  case  (since  we  are  discussing  only  the  mechanical  and  moleoular 
interactions  in  friotion)  the  experiments  would  support  the  hypothesis  of  molecular 
interaction  between  the  wearing  surfaces. 

A  comparison  of  the  relationships  between  the  variation  of  the  mechanioal 
properties  and  the  coefficients  of  friotion  thus  appears  advisable  for  a  number  of 
materials  known  to  possess  a  sharply  differing  capability  for  molecular  interaction. 
In  connection  with  the  existence  of  a  sharp  temperature  dependence  of  the  coeffi¬ 
cient  of  friction  in  the  polyamides,  the  variation  of  their  temperature  was  adopted 
as  a  means  of  modifying  the  properties  of  the  polymers. 

In  addition  to  the  polyamides,  we  selected  a  number  of  linear  polymers  with 
different  intramolecular  bonds  and  intramolecular  cohesion:  low-pressure  (LP) 
polyethylene  and  polytetrafluoroethylene. 

A  substantial  peculiarity  of  the  polyamides,  as  already  noted,  is  the  exist¬ 
ence  of  polar  groups  and  hydrogen  bonds  between  the  molecules,  sharply  increasing 
the  energy  of  their  molecular  cohesion. 

The  molecule  of  polyethylene,  according  to  present  ideas,  consists  of  a  chain 
mostly  consisting  of  hydrocarbon  groups,  The  intermoleoular  bonds  are  of 

disperse  character.  The  energy  of  their  molecular  cohesion  is  substantially  lower. 

Polytetrafluoroethylene  is  likewise  marked  by  the  disperse  char ao ter  of  the 
intermoleoular  bonds,  the  interaction  with  other  atoms  being  weakened  by  the 
shielding  action  of  the  fluorine  atoms.  It  is  precisely  for  this  reason  that  of 
the  known  polymers,  polytetrafluoroethylene  has  the  smallest  adhesive  power. 

The  effect  of  temperature  on  the  ooeffloient  of  friotion  of  LP  polyethylene 
and  polytetrafluoroethvlent  .  The  temperature  dependence  of  the  coefficient  of 
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friotion  of  LP  polyethylene  and  of  poiytetrafluoro ethylene  was  determined  by  the 
sawe  methods  used  for  the  polyamides.  In  this  method,  owing  to  the  insignificant 
differences  in  the  thermal  conductivity  coefficients  of  the  test  materials,  the 
temperature  And  character  of  its  distribution  in  the  surface  layer  should  be  close 
together. 

It  will  be  seen  from  51g.  26  that  the  coefficient  of  friotion  of  LP 
polyethylene  increases  loss  shArply  with  increasing  temperature  than  it  does  in 
the  polyamides,  and  that  the  coefficients  of  friction  of  polytetrafluoroethylene 
declines  with  rising  temperature. 

The  results  indicate  that  the  character  of  variation  of  the  ooeffloient  of 
friotion  with  increasing  tsmporature  is  not  the  same  for  different  polymers. 

The  influence  of  temperature  on  the  hardness  of  polymers.  The  heatable  stage 
and  indentor  described  in  Chapter  III  were  used  to  measure  the  hardness  at  various 
temperatures. 

The  hardness  was  •ooasured  on  a  Super-Rockwell  instrument,  by  the  method 
developed  by  A.  D,  Kurltsina  /57/« 

The  temperature  was  measured  by  a  thermocouple  of  wire  0.1  an  in  diameter. 

The  hot  Junction  was  cemented  into  the  test-  specimens  to  a  depth  of  1  mm  and  at  a 
distance  of  6-7  mm  from  the  site  of  indentation.  The  cement  used  in  making  up  the 
hot  Junctions  of  the  thermocouples  was  a  solution  of  polyamide  in  a  10-15%  aqueous 
solution  of  phenol. 

Before  the  test  the  specimens  and  indentor  were  heated  and  held  at  constant 
temperature  for  20-25  min. 

Tine  mean  values  of  the  hardness  and  its  decline,  in  %,  with  increasing 
temperature  are  given  in  Table  7  (the  hardness  at  25°C  was  taken  as  100%). 

A h  will  be  seen  from  the  table,  the  character  of  variation  of  hardness  was 
the  same  for  all  polymers  tested. 
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fig.  26.  Temperature  dependence  of  coefficient  of  friotion  of  polymers . 

1  -  c apron;  2  -  P-68;  3  -  AJC-7;  4  -  LP  polyethylene ;  5  -  polytetrafluoro 
ethylene. 


Table  7 


Hardness 


Temperature, 

°C 

Capron 

LP  Polyethylene 

kg/mmz 

* 

kg/mm2 

% 

kg/mm2 

% 

25 

ft.  45 

100 

3.35 

100 

3.2 

100 

60 

v.5 

53.4 

1.83 

56 

2.0 

62.5 

90 

3.9 

H6.2 

1.1 

35*5 

1.45 

4 5.2 

effect  of  temperature  on  the  shear  resistance  of  polymers.  Tests  were  run  by 
tho  aid  of  a  specially  designed  appliance  on  a  universal  tensile  te  5 ter  with  a 
dynamometer  scale  division  of  0.1  kg. 

Loading  was  at  the  rate  of  180  kg/idn  continuously  to  complete  rupture.  The 
cross-section  of  the  specimens  was  2  x  2.3  mm. 

Before  the  test  the  apparatus  with  the  specimens  was  held  at  constant 
temperature  for  not  less  than  25  min. 

The  shear  resistance  was  calculated  by  dividing  the  maximum  load  by  twice  the 
cross-section  of  the  specimen. 
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Table  6  shows  the  mean  values  of  the  shear  resistance  iu'd  of  its  deorease  in 


%  with  increasing  temperature  (taking  the  shear  resistance  at  2^°C  as  100%). 

Table  8 
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..  ..  8 

^jConpoTNMenw*  zpti] 

I^cmhstmch  HA  j 
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% 

%  { 

^  Ki/MM* 
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1 

25 

>0,25 

100 

4,9 

100 

3,2 

100 

8.05 

*8,5 

3,93 

80 

2,65 

83 

90  j  6.95 

67,8 

2,42 

• 

49,5 

2,56 

80  . 

^cae: 

1-Temperaturej  2-tfhear  recis tanccj 
3-^apron:  4«Lh  hoiyethyiene ; 
?-Poiytetrai moi-oeuhylene ;  o-Kg/inrr 


As  shown  by  the  table,  the  eharaeter  of  the  variation  of  shear  resistance  is 
likewise'  the  suae  in  all  polymers  tested • 

The  sharply  different  character  of  the  variation  of  the  coefficient  of  friction 
with  increasing  temperature  (Fig.  26),  with  the  obaraoter  of  the  variation  of  the 
mechanical  properties  (hardness  and  shear  resistance)  very  similar  in  all  oases, 
gives  grounds  for  concluding  that  the  variation  of  the  ooefflelent  of  friction  is 
r.ot  determined  in  all  the  polymers  tested  by  the  variation  of  the  mechanical 
properties. 

The  greatest  difference  in  the  character  of  the  variation  of  toe  coefficient 
of  friction  is  observed  in  polytetrafluoroethylene,  whioh  has  the  lowest  molecular 
cohesion,  end  in  polyamide,  whose  molecular  cohesion  is  the  greatest  of  all  the 
polymers  tested. 

It  is  natural  to  assume  that  the  molecular  interaction  in  the  friction  of  the 
polyamide  is  manifested  more  distinctly  and  it  is  precisely  this,  causing  the 
difference  in  the  corresponding  relationships  in  polytetrafiuoroethylene  and 
polyethylene,  that  determine  the  oharaoter  of  the  temperature  dependenoe  of  the 
coefficient  of  friction. 
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It  is  also  clear  from  Table  7  that  LP  polyethylene  has  ~osen  -.ally  a  greater 
decline  is  hardness  with  increasing  temperature  than  polyamide. 

Obviously  during  friction  coder  the  same  temperature  rise  u.-*der  the  same  other 
conditions*  a  greater  increase  in  the  area  of  actual  oontact  should  be  observed 
with  rising  temperature  in  LP  polyethylene  than  in  polyamide.  For  this  reason  the 
divergence  between  the  coefficient  of  friotion  of  polyamide  and  that  of  LP  poly- 
ethyj one ,  increasing  steadily  with  rising  temperature,  may  be  explained ,  not  by  the 
greater  increase  in  the  area  of  actual  contact  (since  the  opposite  should  in  fact 
take  place)  but  by  the  peculiar  charaotar  of  the  variation  of  interaction  in  the 
friction  of  polyamide. 

Consequently  these  results  suggest  that  such  a  sharp  increase  in  the 
coefficients  of  friction  of  polyaari.de  with  increasing  temperature  is  due  to  the 
peculiarities  of  their  chemical  oompooj. tiers  and  x  .-.rueturs  and,  in  particular,  to 
the  presence  of  polar  groups,  which  are  absent  tv on  LP  polyethylene,  end  the  .ibility 
to  form  hydrogen  bonds. 

Comparison  of  the  variation  of  the  coefficient  of  friotion  and  of  the  ratio 
between  shear  resistance  and  hardness  (s/H)  of  polyamide  with  rising  temperature. 
Additional  information  on  the  basic  form  of  interaction  during  friction  of  polyamides 
may  be  obtained  from  a  comparison  of  the  ratio  between  shear  resistance  and  hardness 
with  the  coefficient  of  friction  on  temperature  variation.  In  accordance  with  the 
Boden-Tabor  adhesion  theory,  a  certain  ratio  between  these  quantities  snould  be 
observed  during  unlubrloated  friction. 

Figure  27  shows  the  corresponding  relations  for  oapron.  It  will  be  seen  from 
the  figure  that  the  character  of  variation  of  these  quantities  is  different.  It 
must  be  borne  in  mind  that  the  ratio  s/H  is  obtained  as  a  funotion  of  the  actual 
temperatures  of  the  polymer.  The  curve  for on  the  other  hand,  is  plotted  against 
the  temperature  measured  at  a  distance  of  1  am  from  the  friotion  surface. 
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r'ii *.  27.  i'or.r^vature  aypenaence  01  cocflicient  c;  i notion  of 
*  caoron  ana  oi  ratio  netwesn  shear  resistance  an.,  uarunwss. 

The  results  obtained  in  Chapter  III  parmlt  u a  to  make  certain  remarks  about 
the  true  position  of  tho  ourro  of  tbo  coefficient  of  friction  obtained  with  rising 
temperature.  Since  the  temperature  of  the  specimens  in  these  experiments  was 
measured  at  a  distance  of  1  am  from  the  friction  surfaoe,  the  actual  temperature 


rig.  28.  Loa a  aepenaence  of  frictional  force  in  test  of 
cccuoinea  specimens  on  Uie  scheme  "sphere-plane," 
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'in  the  friotion  surface  itself  was  higher. 

At  an  average  temperature  of  49°C*  the  polyamide  adhered  to  the  disc  (fig.  16). 
But  the  adhesion  of  eapron  begins  only  at  a  surface  layer  temperature  of  64°C 
(rig.  2?).  The  drop  between  the  temperature  of  the  surfaoe  layer  and  the  tempera¬ 
ture  measured  at  a  distance  of  1  mm  from  the  surfaoe  is  15°C. 

On  this  basis  we  may  conclude  that  the  true  curve  of  the  temperature  dependence 
of  the  coefficient  of  friction  of  eapron  should  be  shifted  to  the  right  relative  to 
the  curve  shown  by  Fig.  27,  so  that  its  point  A  (corresponding  to  the  beginning  of 
adhesion  of  polymer  to  the  disc)  is  shifted  to  the  right  by  not  less  than  15°C,  and 
will  lie  to  the  right  of  point  A*. 

According  to  the  adhesion  theory,  p  -  S/H  should  be  true  in  cases  where  the 
shear  takes  place  in  depth  in  the  softer  material.  The  lack  of  agreement  between 
these  quantities  and  the  existence  of  the  inequality  jx  4  S/H  (Fig.  27)  is  evidence 
that  at  different  temperatures  a  bond  of  different  strength  is  formed  (with  the 
shear  resistance  less  than  the  bulk  shear  resistance),  i.e.,  the  shearing  of  bonds 
takes  place  between  the  surfaces,  instead  of  in  the  interior  of  the  polyamide. 

The  variation  of  the  coefficient  of  friotion  under  these  conditions  may  be  due 
primarily  to  the  variation  of  the  forces  of  surfaoe  interaction. 

Thus  these  results  speak  for  the  view  that  the  friotion  of  polyamide  against 
steel  without  lubrication  is  determined  primarily  by  the  molecular  interaction 
between  the  surfaces  of  these  bodies.  To  determine  the  extent  to  which  this  oause 
affects  the  behavior  of  polyamide  in  lubricated  friction,  we  ran  additional 
experiments. 

Study  of  the  effect  of  temperature  on  the  coefficient  of  friction  of  polyamides 
with  lubrication  by  oils  oontaining  polar  additives  was  conducted  under  the  same 
conditions  as  with  lubrication  by  industrial  oils.  The  industrial  oils  "12"  and 
"45"  were  used  as  the  lubricants,  with  1^  of  oleic  acid  as  the  additive. 
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With  this  experimental  method,  the  beginning  of  the  rise  of  the  coefficient 
of  friotion  with  lubrication  by  industrial  oil  N12N  with  additives  corresponds  to 
a  temperature  of  130°C  (Pig.  19*  curve  2);  and  to  145°C  with  lubrioation  by 
industrial  oil  •*45M  (Pig.  20,  ourve  2).  The  regions  of  rise  of  the  ooeffioient  of 
friotion  correspond  to  a  considerable  softening  of  the  surfaoe  layer  of  polyamide, 
and  the  regions  of  decline  to  its  melting. 

The  melting  of  the  surfaoe  layer  and  its  attainment  of  the  temperature  215°C, 
accompanied  by  a  rapid  failure  of  the  o apron  specimen,  occurred  at  an  average 
temperature  of  160°C,  measured  at  a  distance  of  1  am  from  the  friotion  surfaoe. 

The  temperature  drop  was  215-160  *  550c. 

Assuming  roughly  that  at  the  measured  temperatures  of  130  and  145©C  the  drop 
was  the  same  or  somewhat  smaller  (the  rate  of  temperature  rise  was  held  the  same  in 
all  the  experiments)  and  amounted  to  45-55°C,  we  get  the  result  that  the  orltical 
temperatures  are  of  the  order  of  1?5-185°C  for  industrial  oil  *h5"  with  the  additive 
and  190-200°C  for  industrial  oil  *12*  with  the  same  additive.  It  will  thus  be  dear 
that  the  introduction  of  a  polar  additive  helps  to  prevent  an  increase  in  the 
coefficient  of  friotion  of  polyamide  practically  throughout  the  temperature  range 
of  its  operation. 

The  addition  of  a  polar  additive  prevented  the  increase  of  the  coefficient  of 
friction.  This  proves  that  the  rise  in  the  coefficient  of  friotion  of  polyamide 
with  temperature  during  lubrioation  by  industrial  oils  without  a  polar  additive  was 
due  to  intensification  of  molecular  interaction  between  the  friotion  surfaoes. 

Study  of  the  features  of  interaction  in  the  friotion  of  a  noiramldo-atool  pair. 
Our  experiments  here  consisted  essentially  in  determining  that  oomponent  of  the 
force  of  friotion  that  is  due  to  molecular  interaction  in  unlubricated  friction, 
and  in  the  estimation  of  the  shear  resistance  of  the  bonds  so  formed. 

To  solve  this  problem  requires  a  separate  quantitative  evaluation  of  the 
molecular  and  meohanioal  components  of  the  force  of  friction  and  the  measurement  of 
the  area  of  actual  contact. 


62 


Bowden,  Koore  and  Tabor  avaluatad  tha  adhaaion  and  transverse  components  on 
displacement  over  an  indixm  aurfaoa  of  alidaa  in  tha  fora  of  vanes,  heaispheres 
and  hemi  cylinders  of  tha  saaa  radius. 

The  plasticity  of  indiua  assured  tha  preservation  of  tha  friction  traok  and 
made  it  possible  to  Measure  it  subsequently.  Those  authors  assuaed  that  tha 
difference  in  the  tractive  force  on  displaoeaent  of  the  vane  and  the  cylinder  at 
the  sane  track  width  ues  due  to  the  adhesional  o opponent.  The  shear  resistance  was 
found  by  dividing  the  adhesive  ooaponent  by  the  lateral  surface  of  the  cylinder 
submerged  in  the  indium. 

Since  the  true  elastic  S-ase  of  polyamide  makes  it  impossible  to  preserve  the 
trace  on' the  friction  surface  from  whioh  the  area  of  actual  contact  could  be 
estimated,  a  different  method  was  worked  out.  The  friction  of  a  steel  ball  on  the 
plane  surface  of  a  combined  specimen  with  a  plastic  base  and  an  extremely  thin  layer 
of  polyamide  on  the  surface  was  estimated.  In  view  of  the  negligible  resistance  to 
deformation  by  a  thin  film  of  polyamide  (of  the  order  of  1  micron  thiokneee),  it 
may  be  considered  that  the  meohanLaal  component  of  the  frictional  force  is  due 
exclusively  to  the  deformation  of  the  plastic  base.  By  artificially  minimising 
the  molecular  interaction,  the  value  of  the  mechanical  component  may  be  brought 
close  to  the  value  of  the  total  frictional  force,  and  that  force  oan  then  be  roughly 
estimated  (provided  constant  width  of  the  traok  and  constant  uplift  in  front  of  the 
slide  can  be  maintained).  The  difference  between  the  frictional  force  determined 
before  and  after  the  artificial  depression  of  molecular  interaction  will  give  the 
value  of  the  molecular  component. 

Evaluating  the  area  of  actual  oontact  from  the  traok  remaining  in  the  plastic 
base  we  nay  calculate  the  shear  resistance  of  the  bonds  formed  between  the  friction 
surfaces  on  account  of  molecular  interaction. 

The  base  of  the  flat  specimen  wae  prepared  from  lead,  which  is  almost  of  the 
same  hardness  as  polyamide.  This  permits  the  assmsption  that  there  will  be  no 
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substantial  differences  in  the  areas  of  actual  oontaot  obtained  on  bond ad  speoimens 
from  those  on  all -polyamide  specimens. 

The  specimens  were  prepared  as  follows:  on  lead  plates  8  x  30  x  4  mm,  surfaces 
of  8  x  30  m  were  given  a  high  degree  of  smoothness  by  pressure  of  the  plate  in 
oontaot  with  the  polished  surface  of  a  measuring  plate. 

After  degreasing  in  ether,  films  of  two  types  were  applied:  (1)  oapron,  1 
mioron  thick,  in  a  solution  of  capron  in  65^  formio  acid;  (2)  FBF-74  varnish  and 
oleio  acid  (a  %  solution  of  oleic  acid  in  aviation  gasoline).  The  application  of 
the  films  of  FBF-74  polytetrafluoroethylene  varnish  and  oleio  acid  lowered  the 
molecular  interaction  on  speoimens  with  a  lead  base. 

Before  the  experiments  the  specimen  coated  with  oapron  films  were  twice  washed 
with  ether.  The  steel  speoimens,  which  consisted  of  hardened  balls  of  Sh£hl3  steel, 
6  mm  in  diameter,  were  wiped  off  with  silica  gel  and  washed  twice  with  ether. 

The  experiments  were  run  with  reciprocating  motion  of  the  speoimens  on  the 
apparatus  described  in  Chapter  XX  (Fig.  9)* 

The  sliding  speed  used  was  0.000003  m/sec,  so  that  there  was  no  frictional 
heating  of  the  speoimens.  The  load  on  the  ball  was  increased  from  0.126  to  1.755 
kg  in  stages  spaced  7-8  min  apart.  On  each  stage  the  constant  frictional  force  was 
maintained  for  not  less  than  5  min.  With  increasing  test  time  by  a  factor  of  5-6 
or  more,  the  frictional  force  did  not  vary. 

The  load  dependence  of  the  frictional  force  for  speoimens  coated  with  films 
of  FBF-74  varnish  with  oleio  acid  (F2),  and  for  speoimens  coated  with  capron  films 
(F^)  is  shown  in  Fig.  28.  fiaoh  point  is  plotted  from  the  result  of  not  less  than 
three  tests.  The  arrangement  of  the  speoimens  is  shown  in  fig.  29.  The  principal 
characteristics  obtained  in  these  tests  are  shown  by  Tables  9  and  10. 

The  slight  differences  in  the  width  of  the  friction  track  and  tae  uplift  in 
the  front  part  of  the  track  in  specimens  of  both  types  at  the  same  load  gives 
grounds  from  the  conclusion  that  the  losses  due  to  deformation  of  the  base,  i.e,, 
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fie.  2V.  Arrangement  oi  specimens  in  unction  mi*  tests  on  seller  c 
"s;  acre-plans 11 : 

1  -  steel  n?  11  Z-  ilat  specimen;  ap  -  hall  01'  surface  or  spherical 
serment;  A2  -  ax-ea  ox  cii’cular  semen  t. 


the  mechanical  component  of  the  frictional  Force,  Fmec^ ,  is  about  the  same  in  both 
cases.  It  will  be  seen  from  Table  9  that  the  value  for  Fg  is  approximately  porpor- 
tional  to  the  cross-seetional  area  of  the  track  A2»  which  is  equal  to  the  area  of 
a  circular  segment.  The  factor  of  proportionality  k2»  representing  the  resistance 
of  the  lead  base  to  deformation,  varies  in  the  range  k2  *  3  to  3,7^  kg/*m2,  which 
is  olose  to  the  hardness  of  lead. 
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Table  9 


Parameters 

Load, 

kg 

0.126 

0.252 

0.505 

1.130 

1.755 

Frictional  force  F2,  kg  •••«•..,•  0*0037 

0.009 

0.025 

0.083 

0.161 

Width  of  friotion  track  b,  am  ... 

0.45 

0.65 

0.88 

1.10 

Area  of  spherioal  segment  A2,  mm2 

Resistance  of  lead  base  to 

0.003 

0.008 

0.023 

0.043 

deformation,  *,  =  -*  ,  kg/mm2 

A 

3.0 

3.13 

3.61 

3.74 

Table  10 


Parameters 

Load 

»  kg 

0.126 

0.252 

0.505 

1.130 

1.755 

Total  frictional  force  kg 

0.063 

0.128 

0.260 

0.575 

0.945 

h  ”  *2  ~  Fmol»  kg . 

Width  of  friction  track  b,  mm 

0.059 

0.119 

0.235 

0.492 

0.784 

0.43 

0.63 

0.93 

1.19 

Half  surface  of  spherical 

segment  4.,  mr  •••• . 

- 

0.085 

0.169 

0.330 

0.527 

Shear  resistance  of  bonds, 

ki  -  ,  kg/mm2 . 

e» 

1.4 

1.39 

1.49 

1.49 

Share  of  molecular  component, 

Fmol»  * . * . 

93.7 

93.0 

90.5 

85.5 

83.0 

The  molecular  component  of  the  frictional  force  (F^i  =  -  F2)  proved  in 

fact  to  be  proportional  to  half  of  the  surface  of  the  spherical  segment  A^f  which 
was  to  be  expected.  The  proportionality  factor  k^  representing  the  shear  resistance 
of  the  bonds  formed  between  the  contacting  surfaces  on  variation  of  load,  varies  but 
slightly  (k^  *  1.39  -  1.49  kg/ma2).  The  fact  that  it  is  only  about  l/7  as  great  as 
the  bulk  shear  resistance  of  the  polymer  (at  22°C,  S  for  capron  is  10.3  kg/am2),  is 
another  proof  that  the  shear  of  the  bonds  takes  plaoe  between  the  friction  surfaces 
and  has  no  direct  connection  with  the  mechanical  properties  of  the  polymer. 

The  increasing  share  of  the  molecular  component  with  decreasing  load  is 
connected  with  the  fact  that  at  small  loads  the  depression  of  the  spherioal  specimen 
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Table  9 


Parameters 

Load, 

kg 

0.126 

0.252 

0.505 

1.130 

1.755 

Frictional  force  F2,  kg  . .  0.0037 

0.009 

0.025 

0,083 

0.161 

Width  of  friction  traok  b,  mm  ... 

0.45 

0.65 

0.88 

1.10 

Area  of  spherical  segment  A£»  mm2 

Resistance  of  lead  base  to 

0.003 

0.008 

0.023 

0.043 

deformation,  kt  -  *  ,  kg/mm2 

A, 

3.0 

3.13 

3.61 

3.74 

Table  10 


Parameters 

Load 

*  kg 

0.126 

0.252 

0.505 

1.130 

1.755 

Total  frictional  force  F^:  kg 

0.063 

0.128 

0.260 

0.575 

0.945 

Fl  "  F2~Fmol»  kg . 

Width  of  fraction  traok  b,  aa 

0.059 

0.119 

0.235 

0.492 

0.784 

0.43 

0.63 

0.93 

1.19 

Half  surface  of  spherioal 

segment  An,  msr  . . 

- 

0.085 

0.169 

0.330 

0.527 

Shear  resistance  of  bonds. 

,  kg/mm2 . 

- 

1.4 

1.39 

1.49 

1.49 

Share  of  molecular  component, 

Fmol»  ^ . . . 

93.7 

93.0 

90.5 

85.5 

83.0 

The  molecular  component  of  the  frictional  force  (Fj^  =  ?i  -  F2)  proved  in 
fact  to  be  proportional  to  half  of  the  surface  of  the  spherical  segment  which 
was  to  be  expected.  The  proportionality  factor  k-^  representing  the  shear  resistance 
of  the  bonds  formed  between  the  contacting  surfaoes  on  variation  of  load,  varies  but 
slightly  (k^  =  1.39  -  1.49  kg/m2).  The  faot  that  it  is  only  about  l/7  as  great  as 
the  bulk  shear  resistance  of  the  polymer  (at  22°C ,  S  for  capron  is  10.3  kg/mm2),  is 
another  proof  that  the  shear  of  the  bonds  takes  place  between  the  friction  surfaces 
and  has  no  direct  connection  with  the  mechanical  properties  of  the  polymer. 

The  increasing  share  of  the  molecular  component  with  decreasing  load  is 
connected  with  the  fact  that  at  small  loads  the  depression  of  the  spherioal  specimen 
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is  less  and  the  relative  size  of  the  surfaoe  of  the  spherioal  segment  is  greater. 

In  this  oonneotion  we  may  assume  that,  on  a  base  harder  than  lead,  in  partic¬ 
ular  on  an  all -polyamide  specimen,  when  the  submergence  of  the  slide  will  be  some¬ 
what  less,  the  share  of  the  molecular  component  should  be  not  lower  than  that  here 
determined • 

In  spite  of  the  closeness  of  the  results  obtained,  we  may  conclude  that  the 
molecular  component  in  friction  of  steel  against  polyamide  not  only  determines  the 
character  of  the  variation  of  the  friotional  foroe  with  varying  conditions  of 
friction,  as  already  shown,  but  may  also  predestinate  in  the  total  friotional  force. 

Moreover,  the  sharp  difference  in  the  foroe  of  surfaoe  interaction  in  the 
experiments  described  by  curves  and  F2  (Fig*  28),  with  the  slight  difference  in 
the  width  of  the  friction  tracks,  and  in  the  heights  of  the  uplifts,  indicates  that 
the  surfaoe  molecular  interaction  may  directly  determine  the  values  of  friotional 
foroe. 

The  absence  of  disruption  of  the  polymer  films  after  passage  of  the  slide  in 
most  experiments  is  evidence  that  during  friction  surface  interaction  took  plaoe 
only  between  the  steel  sphere  and  the  polymer. 

At  loads  of  1.755  kg,  however,  the  oapron  film  did  show  considerable  thinning 
in  places,  and  the  lead  base  partially  emerged  to  the  friction  surfaoe.  The 
frictional  force  increased  somewhat.  The  surface  layer  of  the  track  began  in  some 
places  to  be  displaced,  and  small  oorrugations  appeared.  The  ball  rose  and  slid 
over  them,  and  the  cycle  then  repeated. 

The  friotional  foroe  fluctuated  continuously.  The  width  of  the  track  was 
somewhat  greater  (by  about  10$)  than  that  of  the  tracks  formed  on  specimens  coated 
with  FBF-74  varnish  and  oleio  aoid. 

Thus  in  those  oases  when  the  surfaoe  interaction  increased  to  beyond  a  certain 
value,  apparently  oonneoted  with  the  resistance  of  the  surfaoe  layers  of  the  softer 
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aratarial  to  deformation,  the  inorease  in  the  friotional  force  wee  partially  due  to 
the  formation  cf  a  wave  or  corrugation  in  front  of  the  slide  and  to  the  increase  in 
the  mechanical  component  of  the  frictional  foroe  connected  with  this  corrugation. 

The  study  described  in  this  chapter  has  shown  that  the  peculiarity  of  polyamide 
behavior  in  friction  without  lubrication  against  steel  are  due  to  the  peculiarities 
in  the  character  of  variation  of  molecular  interaction  between  the  contact  surfaces. 

In  friction  under  conditions  of  boundary  lubrication,  when  it  is  insufficient 
to  prevent  the  direct  oontaot  of  the  surfaces,  the  molecular  interaction  between  the 
polyamide  as  in  steel  pair  may  likewise  to  a  considerable  degree  determine  the 
values  of  friction.  This  appeared  moat  distinctly  with  a  lubricant  not  containing 
polar  additives,  with  rising  temperature. 

The  disruption  of  the  hydrodynamic  lubrication  and  the  appearanoe  of  direct 
interaction  oetveen  the  surfaces  takes  place  on  attainment  ol'  tne  critical  condi¬ 
tions  of  bearing  operation.  The  further  serviceability  of  the  friction  unit  depends 
primarily  on  the  properties  of  the  materials  of  the  pair. 

We  may  conclude  fro&  these  experiments  that  molecular  interaction  is  the  second 
major  factor  determining  the  friction  of  polyamides. 
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CHAPTER  V 

STUDY  OF  THE  FRICTION  OF  POLYAMIDE  BUSHINGS 

To  study  the  operation  of  bushings,  stand  tests  *  were  perfomed  on  oast-iron 
(capron  spray-coated)  and  oast  oapron  bushings. 

The  bushings  were  40  m  in  disaster  and  50  ■■  long,  A  thin  layer  of  polyamide 
was  applied  to  the  oast  iron  bushings  by  the  vortex  spray  Method,  using  the 
technique  developed  and  used  at  the  PLastios  Laboratory,  bNIMS.  After  grinding, 
the  thickness  of  the  layer  was  0.20  wm.  The  surface  finish  corresponded  to  V  6-V7. 
The  clearance  used  was  0.06  os  (X  fit);  0.12  m  (Xj  lit);  and  0.20  m.  The 
tolerance  for  the  clearance  was  *0.01  mm. 

The  oast  bushings  of  wall  thickness  1.5  mm  were  oast  at  the  fhysicocheoical 
Technology  shop  of  the  Moscow  Automobile  Plant  iaeni  Likhachev  (Fig.  30).  In  the 
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nonoperating  part  the  bushings  were  slotted  and  the  oil  eolleoting  chamfers  1  were 
cut  into  the  edges.  This  cutting  provided  space  for  theraal  expansion  at  minimum 
variation  of  the  initial  olaaranoe.  The  bushings  were  freely  inserted  in  the  clips. 
They  were  prevented  from  turning  by  the  pin  2  fitting  into  the  groove  of  the  clip. 

The  working  surface  was  net  maohinsd.  The  clearance  waa  0.20-0.25  as. 

For  comparison  wo  also  tested  bushings  of  OTsS  6-6-3  bronte,  which  is  widely 
used  as  an  antifriction  material.  They  did  not  differ  in  dimensions  and  design 
from  the  finished  oapron  faced  bushings.  The  surfs* >e  finish  was  V  7-  V  8;  the 
clearance  was  0.06  ±  0.01  mm  (Fig.  11).  In  connection  with  the  foot  that  the 
apparatus  for  measuring  the  frictional  force  takes  the  friction  of  the  bushing 
against  the  shaft  *  and  the  two  rocker  bearings  3t  *  special  calibration  was  run  to 
determine  the  friction  loss  in  the  latter.  For  this  purpose,  instead  of  the  test 
bushing  two  ball  bearings  (likewise  transverse  bearings)  were  placed  instead  of 
tYr>  test  bushing  and  the  friction  of  the  four  bearings  was  determined  at  various 
loads  anu  at  the  rpm  selected  for  the  main  experiments.  The  correction  so  determined 
(related  to  the  two  ball  bearings)  were  introduced  into  the  calculations  for  the 
frictional  force  of  the  bearings  of  the  main  experiments. 

The  temperature  of  the  bushings  was  measured  by  a  chromel-alumel  thermocouple 
with  wires  0.2  am  in  diameter.  Its  hot  June ''on  was  placed  in  the  operating  part 
of  the  bushing  in  the  adddle  of  its  length  at  c  distance  of  2  ami  from  the  friction 
surface. 
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Before  the  test  the  shaft  and  bushings  were  washed  with  gasoil  e.  The  load 
was  Increased  at  Intervals  of  15  adn  by  stages  to  110  kg,  until  the  taarp  rise  In 
the  coefficient  of  friction  began.  The  sliding  speed  was  1.3  ’*/sec. 

To  check  the  Influence  of  the  tine  Interval  between  the  successive  loads, 
tests  were  made  in  which  the  load  was  Increased  at  5  min  and  at  30  min  Intervals. 
They  showed  that  in  the  limits  Investigated,  the  length  of  the  interval  between 
application  of  the  additional  loads  has  no  effect  on  the  results. 

in  ail  exneiammti,  the  luoracant  usea  was  inuustriai  oil  Mi2. "  me  tests 
were  run  in  two  variants  of  lubrication:  (1)  abundant  lubrication,  continuously 
fed  to  the  friction  zone  at  the  rate  of  3*6  liter/hr;  (2)  insufficient  lubrication 
fed  at  the  rate  of  three  dropa  every  15  min. 

The  tests  with  abunaant  lubrication  were  run  on  busaings  faced  with  a  thin 
capron  layer  (clearance  0.06,  0.12  and  0.20  hi)  and  on  cTsS  6-6-3  bronze  bushings 
at  0.06  hi  clearance. 

The  period  of  sharp  inorease  of  frictional  force  in  the  bronze  bushings  was 
accompanied  by  adhesion  of  bronze  to  the  shaft  and  seizing  of  the  friction  surface. 

The  limiting  loads  narking  the  beginning  of  the  rise  in  the  frictional  force 
in  the  test  of  the  three  bronze  bushings  were  as  follows: 

% 

i  *  i 

Total  2M0  2880  2750 

132  143  137.5 

Unit  value 

On  the  basis  of  the  experiments,  the  average  total  load  was  2750  kg  and  the 
average  unit  load  was  137*5  kg/o*2. 

In  testing  the  c apron-faced  bushings,  the  load  was  brought  up  to  the  same 
level.  In  the  bushings  with  clearance  0.06  hi,  at  a  load  above  1G00-I'j00  kg,  the 
coefficient  of  friction  and  th*  temperature  both  increased,  but  than  decreased 
after  15-20  Kin.  The  bushings  continued  to  operate. 
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The  load  dependence  of  the  ooeffioient  of  frlotion  end  at  the  tsmperature  of 
one  of  these  tests  is  shorn  by  Pig,  31  (curves  1).  We  also  show,  for  purposes  of 


comoarison,  the  results  of  OTsS  6-6-3  bronte  bushings,  whose  ooeffioient  of  friotion 
end  temperature  vary  smoothly  up  to  their  sharp  rise  on  seising  (curves  2). 
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After  the  test  the  friotion  surface  of  the  oapron-faeed  bearing  had  a  polished 
appearance;  no  traces  of  machining  persisted.  At  the  edge  of  the  lubricating 
furrow,  light  beading  was  noted,  indicating  that  there  had  been  a  melting  of  the 
layer  during  the  test.  Since  the.  clearance  was  small  (0,06  mm),  the  conditions  of 
normal  lubrication  were  apparently  disturbed,  and  the  temperature  rose  sharply 
(Fig.  31)*  The  melting  of  the  layer  and  the  displacement  of  the  melted  polyamide 
into  the  cavity  of  the  lubrication  groove  then  took  place.  The  clearance  increased, 
the  operating  condition*  of  the  bearing  improved,  and  as  a  result  the  coefficient 
of  friotion  and  the  temperature  both  declined. 

In  the  bushings  with  s  clearance  of  0.12  mm,  at  loads  over  1200-1500  kg,  a 
period  of  unstable  operation  began,  and  brief  rises  in  the  ooeffioient  of  friction 
and  the  temperature  were  observed. 
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At  the  same  tine,  after  the  end  of  the  tests,  except  for  a  light  crushing  and 
smoothing  of  the  ridges  (left  by  the  maahining),  no  d usage  of  the  friction  surface 
visible  to  the  naked  eye  oould  be  detected. 

Apparently  the  brief  rises  in  the  ooeffioient  of  friction  and  temperature  were 
connected  with  the  disturbance  of  the  normal  conditions  of  lubrication  and  the 
melting  of  polyamide  on  extremely  minute  regions  of  the  rough  projections. 

Under  critical  conditions,  when  the  supply  of  lubricant  to  individual  regions 
of  the  friction  surface  is  hindered,  a  heating  and  melting  of  the  surface  layer  was 
observed  in  the  capron  bushings. 

After  melting  of  the  layer  and  increase  of  the  clearance,  the  operating 
conditions  of  the  bushings  Improved,  since  the  conditions  for  the  lubricant  feed 
improved.  No  seising  of  the  friction  surfaces  was  noted. 

the  tests  under  insufficient  lubrication  were  run  on  oast-iron  bushings  faced 
with  a  thin  layer  of  capron  0.2  mm  thick,  and  on  oast  capron  bushings  of  wall 
thickness  1.5  mm.  For  comparison,  bushings  of  OTs S  6-6-3  were  also  tested. 

Cast  iron  bushings.  To  prevent  disturbance  of  normal  operation  of  the  bushings, 
a  clearance  of  0.2  mm  was  adopted.  After  washing  in  aviation  gasoline  and  drying 
the  shafts  and  bushings,  the  same  quantity  of  lubricant  was  applied  to  their  working 
surfaces  and  was  uniformly  distributed  there  (two  drops  on  the  shaft  and  three  drops 
on  the  bushing).  Then,  at  intervals  of  15  min,  before  increasing  the  load,  a  new 
portion  of  lubricant  (three  drops)  was  fed. 

Three  specimens  were  tested.  The  numerical  values  of  the  limit  loads  and 
temperatures  are  given  in  Table  11. 

Figure  32  shows  the  load  dependenoe  of  the  ooetflolent  of  friction  and  of  the 
temperature  of  the  bushings.  The  ooeffioient  of  friction  in  the  temperature  of  the 
eapron-faeed  bushings  (curve  1)  proved  to  be  considerably  higher,  and  the  limit  load 
considerably  lower  for  insufficient  lubrication  than  those  of  the  bronse  bushings 
(curve  2). 
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Table  11 


Specimen  1 

Specimen  2 

Specimen  3 

Average 

Material  of 
Bushing 

kg  T,  °C 

P-H,t  kg  T,  °C 

Pn«»  kg 

T,  °C 

til.,  kg  X,  °C 

Capron  facing 
OTsS  6-6-3 

500 

13^ 

220 

124 

660 

120 

477 

126 

bronze 

iyw 

118 

1210 

146 

1760 

112 

1503 

125 

Aft *r  reaching  the  Melting  point,  there  is  a  continuous  abrasion  of  the  layer, 
with  transport  of  the  Melted  particles  of  oapron  to  the  inlet  side  of  the  bushing. 

If  the  temperature  failed  by  10-15°C  to  reach  the  Melting  point  of  oapron, 
the  bushings  showed  no  defect  nor  traces  of  wear.  They  completely  preserved  the 
scratches  fttom  the  aaohining. 

In  all  oases  the  capron  bushings  went  out  of  ccomisslon  after  heating  of  the 
surface  layer  to  the  melting  point.  In  view  of  the  limited  lubrication  in  these 
experiments  the  melting  of  the  surface  did  not  lead  to  improvement  of  bushing 
operation. 
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In  connection  with  the  slight  differences  of  the  conditions  of  lubrication  in 
different  experiments,  the  melting  point  of  oapron  was  reached  by  the  surface  layer 
and  the  bushings  vent  out  of  ooanission  at  substantially  different  loads.  The 
difference  between  the  measured  temperatures,  however,  was  small. 

The  oast  capron  bushings  were  tested  by  the  same  method.  At  a  sliding  speed 
of  1.3  m/sec  under  a  load  of  110  kg,  the  bushings  went  out  of  commission  5-10  min 
after  the  beginning  of  the  test.  The  sliding  speed  was  then  lowered  to  0.6?  m/sec. 

Figure  33  gives  the  load  dependence  of  the  coefficient  of  friction  of  the 
capron  bushings.  The  heavy  lines  show  the  rise  in  the  coefficient  of  frlotlon  of 
cast  oapron  bushings  with  lubrication  by  industrial  oil  "12,"  and  the  dashed  lines 
show  the  same  with  lubrication  by  industrial  oil  *12"  with  l£  oleic  acid  added. 

In  the  intervals  between  the  regular  feeding  of  oil,  when  the  layer  of  oil 
became  thin,  periodic  increases  in  the  ooeffloient  of  friction  were  noted.  When 
the  load  increased  above  a  certain  level,  there  was  a  sharp  rise  in  the  coefficient 


of  friction 


As  in  the  lest  case,  it  was  aooompanied  by  a  melting  of  the  surface,  after 
whioh  the  friction  declined  somewhat.  On  the  surface  of  the  shaft  the  layer  of 
polyamide  spread  in  the  form  of  a  continuous  film. 

In  these  tests,  as  in  the  last  ones,  the  oapron  bushing  went  out  of  comission 
under  critical  conditions  only  as  a  result  of  the  melting  of  the  surface  layer.  We 
have  shown  above  that  the  temperature  is  a  major  factor  determining  the  friction  of 
polyamide,  owing  to  the  fact,  characteristic  of  polyamides,  that  there  is  a  sharp 
temperature  dependence  of  the  coefficient  of  friction  and  a  continuous  decline  in 
their  anti frictional  properties  with  rising  temperature. 

The  tests  described  in  this  chapter  not  only  confirm  this  but  also  shows  that 
the  extreme  temperature  level  that  oan  be  reached  under  operating  conditions  of 
bushings  determines  their  serviceability. 

Indeed,  in  operation  with  abundant  lubricant,  when  the  heating  caused  by 
melting  is  excluded,  the  serviceability  of  bushings  faced  with  oapron  proved  to  be 
no  lower  than  that  of  bronze  OTsS  6-6-3  bushings.  When  the  lubrioation  did  not 
provide  a  reliable  separation  between  the  oapron  and  steel  surfaces  (owing  to 
insufficient  lubrioation  or  insufficient  clearance),  the  coefficient  of  friction 
and  the  temperature  increased  rapidly,  and  the  bushings  went  out  of  commission  at 
loads  only  a  third  as  great  as  for  OTsS  6-6-3  bronze  under  the  same  conditions. 

With  decreasing  heat  removal  from  the  frlotion  surface  using  bushings  with  a  wall 
thickness  of  1.5  am,  the  bushings  went  out  of  commission  under  oonditions  even 
less  severe. 

The  behavior  of  a  polyamide  bearing  and  its  serviceability  are  determined  by 
a  number  of  factors:  the  severity  of  the  operating  oonditions  (the  load  and  sliding 
speed),  the  quantity  and  quality  of  the  lubricant  supplied,  the  heat  removal  from 
the  friction  surfaces,  the  design,  eto. 

In  most  oases  today  there  is  no  method  of  objective  and  quantitative 
evaluation  of  the  influence  of  these  parameters  on  the  behavior  of  antifriction 
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material  in  a  friction  unit.  For  this  reason,  to  elucidate  the  possibility  of 
using  plastic  in  some  speoific  friction  unit,  one  must  run  prolonged  tests  under 
operating  conditions.  Here,  even  suoh  tests  oannot  answer  the  question  as  to  the 
margin  of  reliability  with  whioh  a  polymer  can  be  used.  Evidently  only  the 
estimation  of  the  maximum  temperature  that  can  be  reaohed  under  actual  production 
oonditions,  of  a  given  unit  or  similar  units,  can  answer  this  question  quickly 
enough.  In  other  words,  the  maximum  temperature  level  that  can  be  reaohed  in  state 
speoific  friction  unit  may  be  a  reliable  eriterlon  for  judging  the  possibility  of 
using  polyamides  in  suoh  unit.  It  is  obviously  advisable  to  use  this  criterion  in 
solving  pr obi  feus  on  the  introduction  of  polyamides  into  machines  and  mechanisms  now 
in  operation. 

The  experiments  have  shown  that  with  oil  lubrication  the  operation  of  polyamide 
bushings  oan  be  continued  up  to  the  temperature  of  considerable  softening  and  melt¬ 
ing  of  the  polymer.  But  a  considerable  decrease  in  the  meohanloal  properties,  the 
sharp  rise  of  creep  and  the  decrease  in  the  wear  resistance  of  the  polymer  takes 
place  at  even  lower  temperatures.  The  maximum  allowable  temperature  should  thus 
be  determined  by  a  group  of  properties,  including  not  only  the  ooefflolent  of 
friction  but  also  the  wear  resistance,  ability  to  flow  under  load,  etc.  Naturally 
with  suoh  an  approach  to  the  choice  of  the  extreme  temperature,  that  temperature 
will  be  affected  not  only  by  the  oharaoter  of  the  variation  of  the  physioomeohanioal 
and  chemical  properties  of  the  polymer,  but  also  by  the  design  of  the  bearing,  and 
by  the  severity  of  the  specifications  that  its  operating  properties  must  meet. 

The  effect  of  a  polar-aotive  additive  to  the  mineral  oil  on  the  serviceability 
of  polyamide  bushings.  It  follows  from  the  above  that  the  force  of  friction  of 
polyamide  on  steel  increases  with  temperature  as  a  result  of  the  peculiar  oharaoter 
of  the  variation  of  molecular  interaction.  This  is  manifested  in  both  unlubricated 
friction  and  in  friotion  lubrioated  with  mineral  oil.  The  introduction  of  a  polar- 
active  additive,  which  decreases  aoleoular  interaction,  prevents  this  rise  until 


the  polyamide  reaches  a  temperature  In  whioh  considerable  softening  takes  place. 

A  decrease  in  molecular  interaction  should  apparently  increase  the  service¬ 
ability  of  bearings,  since  friotion,  heat  liberation  and  temperature  are  all 
decreased.  Cast  oapron  bushings  were  tested  to  verily  this  proposition. 

The  technique  was  the  same  as  that  used  in  the  earlier  test.  The  lubricant 
used  was  industrial  oil  M12"  with  l£  of  oleio  acid  added.  The  sliding  speed  was 
0.6?  a/ seo.  The  load  was  increased  every  15  min  in  steps  of  110  kg  until  a  sharp 
rise  in  the  coefficient  of  friotion.  A  melting  of  the  surfaoe  was  observed, 
followed  by  a  decrease  of  the  coefficient  of  friotion,  and  the  bushings  went  out 
of  commission. 

In  contrast  to  the  preceding  oase,  there  was  almost  no  rise  of  the  coefficient 
of  friotion  in  the  intervals  between  successive  applications  of  lubrioant.  This 
indicates  that  the  operation  of  the  bushings  is  more  stable,  and  the  coefficient 
of  friotion  lower,  "he  extreme  loads  were  increased  by  an  average  factor  of  2.3. 

Thus  the  weakening  of  the  molecular  interaction  leads  not  only  to  a  decrease 
in  the  coefficient  of  friotion  but  ilso  to  an  increase  in  the  serviceability  of 
capron  bearings. 
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CHAPTifiR  VI 

TtiSTS  OF  CAPRON  BUSHINGS  INSTALLED  IN  Mi^TAL -CUTTING  MACHINiS  TOOLS 

estimate  of  extreme  temperatures.  The  experiments  desoribed  in  the  preceding 
chapters  indicate  that,  owing  to  the  peculiarities  of  the  chemical  composition  and 
structure  of  polyamides,  their  friction  on  steel  increases  with  decreasing  tempera¬ 
ture.  At  the  same  time,  under  favorable  conditions  (good  heat  removal,  good 
lubrication,  etc.),  the  serviceability  of  polyamide  bushings  is  not  inferior  to 
that  of  bushings  of  the  widely  used  Oi'sS  6-6-3  bronze. 

To  test  the  operation  of  oapron  bushings  under  industrial  conditions,  they 
were  installed  in  the  metal -cutting  machine  tool  1K62.  This  machine  tool  was 
selected  because  it  is  the  most  widely  used  lathe  and  screw-cutting  machine  of 
medium  power  (Ng  =  10  KW). 

On  the  basis  of  our  earlier  conclusions,  and  to  accelerate  the  solution  of 
the  problem,  we  estimated  the  maximum  temperature  of  oapron  bearings  under  service 
conditions.  * 
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Bushings  of  oord  capron  wore  installed  instead  of  roller  and  ball  bearings 
and  b rente  bushings  in  the  aeohaniaas  of  the  speed  box,  the  feed  box  and  the  apron. 
For  the  most  part  we  used  oast  bushings  with  a  wall  1  mm  thick,  20,  30,  hO  and  50 
mm  in  diameter,  with  and  without  flange  collars. 

Figure  Jk  shows  the  principal  forms  of  oast  bushings  used. 


ri;>  35.  bcnemt-ic  uiagrar.  or  nachine-tool  lht>2: 

1  -  l7  -  sir.es  01  installation  oi  capron  tjushinrs. 


The  installation  of  thin-walled  bushings  instead  of  roller  and  ball  bearings 
made  it  necessary  to  build  intermediate  clips  of  CU15-32  cast  iron,  pressed  into 
the  body,  and  bushings  of  St.^5,  fitted  on  existing  shaft  oollars. 

The  surface  of  the  intermediate  bushings  in  contact  with  the  capron  bushings 
was  ground  down  to  S7  9-10 . 

The  capron  bushings  were  not  maohined. 

Figure  35  is  &  diagram  of  the  1K62  machine,  on  which  the  numbers  1-17  indicate 
the  sites  of  installation  of  the  capron  bushings.  To  measure  the  temperatures,  the 
hot  junctions  of  thermocouples  of  copper  and  constantan  wire  0.12  m  in  diameter 
were  cemented  into  bushings  1,  3»  *♦*  5»  6,  8,  13,  15*  17  at  a  distance  of  about 
0.8  mm  from  the  friction  surface.  To  protect  the  thermocouples  against  damage,  they 
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were  encased  in  polyvinyl  chloride  tubes  1  mm  in  diameter,  ihe  cold  Junctions ,  after 
the  installation  of  the  bushings  in  the  machine,  were  attached  to  the  blocks  of 
current  carriers  whose  temperature  was  measured  by  a  thermometer. 

The  reservoirs  of  the  front  mandrel,  the  feed  box  and  the  apron,  were  filled 
with  oil  to  the  "oil  level”  mark. 


Kir*  3o.  'J'erperature  oi  bushinrs  installed  m  in6^  machine  tcol  (cl,  dfi. 
vs,  icaa  anc  n’n-ner  oi  loaainr  cycles.  i’he  numbers  01  the  curves  correspond 
to  tne  r.unoers  oi  the  ousninrs  on  the  machine, 

Industrial  oil  "20  w  was  used.  It  had  first  been  used  in  the  normal  operation 
of  the  machine  for  a  month.  Special  oil  chamfers  were  provided  on  the  collar 
flanges  of  the  intermediate  bushings,  and  grooves  were  provided  on  the  capron 
bushings,  for  lubrication  in  the  working  zones  of  the  bearings. 

■fhe  mechanisms  of  the  maohine  were  loading  by  turning  an  ingot. 

The  rpci  of  the  spindle,  shafts  I  and  II  of  the  speed  box,  the  sliding  speed  of 
these  shafts  in  the  bushings,  the  torques  on  the  spindle  and  the  power  consumed  in 
cutting,  are  given  in  Table  12. 

The  average  torques  and  the  average  power  consumed  in  cutting  were  determined 
by  calculation.  Their  actual  values  did  not  differ  from  those  indicated  by  over 
+  »• 
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Table  12 


Parameters 

Kegimes 

1 

2 

4 

Speed  of  spindle  n8p,  rpm  . 

80 

80 

315 

630 

Speed  of  shaft  1,  nj,  rpa  . 

630 

630 

630 

1260 

Speed  of  shaft  II,  njj,  rpa  . 

Sliding  speed  an  collar  of  shaft  1, 

160 

160 

630 

1260 

Vt,  a/soo . . . 

Slidi’ig  speed  on  collar  of  shaft  11, 

1.65 

1.65 

1.65 

3.30 

VII  *  */  860  •  •  •  . . . 

0.42 

0,42 

1.65 

3.30 

Average  tc/rque  of  spindle  M*v,  kg/cw 

0 

4450 

1500 

1175 

Average  cutting  power,  N^,  KW  .... 

0 

3.7 

4.85 

7.6 

The  u;ct,s  were  run  wxth  ciosec  gear  train.  The  spinale  speea  01  63  u  rpei  in 
the  fourth  regime  was  selected  oeeause  oniy  in  tnxs  case  was  it  possioxe  to  apply 

maximua  load  to  all  the  test  bearing#  of  the  speed  box  at  aaxlmoi  speed  of  shafts 
I  and  U  rotating  in  the*. 

Indeed,  at  n8p  =  630  rpa,  the  speed  of  shaft  11  will  be 
nil  =  630  •  f*  -  630  2t  =  1260  rpw. 

Zg  27 

Here  nj  =  n^j,  since  the  transmission  included  two  pairs  of  gears  of  ratio 
Ll  /Zr  and  /Ze  having  45  teeth  and  a  total  gear  ratio  of  unity. 

At  =  2000  rpa,  shaft  I  is  actually  turning  at  the  sane  speed  as  in  the 

®r 

first  case.  It  is  connected  with  the  spindle  through  a  pair  of  gears  with  43  and 
65  +  ZA)  teeth  respectively.  But  shaft  11  does  not  receive  the  load  frost  the 

cutting  force,  while  the  conditions  for  the  operation  of  the  cutter  with  the  machine 
running  at  full  power  at  this  speed  are  found  to  be  less  favorable. 

The  tests  were  run  in  cycle  operation  of  the  aaohine.  One  cycle  included 
continuous  operation  at  a  load  above  indicated  on  one  of  the  regimes  for  10  win 
with  a  4  win  break.  Under  the  severest  conditions  (3-4)*  the  load  was  applied  for 
7  cycles  (Fig.  JS). 
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LAiring  the  test  period  Adopted,  the  teaperature  was  held  approotiaately  constant. 

Operation  in  the  fourth  regiae  was  run  at  full  power.  Here  the  heating  of  the 
oapron  bushings  of  the  speed  box  operating  under  the  severest  conditions  did  not 
exceed  ?8°C  even  for  a  short  tiae.  Bushing  5,  installed  in  the  front  wall  of  the 
speed  box  was  heated  to  not  over  5**°C<  Bushing  6  end  8  of  the  feed  box  did  not  go 
over  37°Cy  and  bushings  11,  13  and  17  of  the  apron  (not  shown  in  Fig.  35)  did  not 
exceed  26°C.  The  rooa  teaperature  was  22~24°c.  Thus,  even  under  aaxiaua  load 
conditions,  the  heating  of  the  aost  stressed  of  the  operating  bushings  of  the  speed 
box  did  not  exceed  80°C< 

According  to  the  data  of  our  eocperlaents,  this  teaperature  causes  no  decline 
in  the  veer  resistance  of  oapron  in  lubricated  friction.  Its  antifriction 
properties  reaain  sufficiently  high. 


Thus  the  results  of  our  study  of  the  aaxiaua  teaperature  of  bearings  reached 
under  service  conditions  of  a  1K62  aaohlne  tool  indicates  that  the  conditions  of 
operation  of  oapron  bushings  installed  in  the  aachine  assure  the  effective  utilise* 
tlon  of  cajaron  as  a  bearing  material. 

It  is  advisable,  however,  tc  estiaate  the  aaxiaua  teaperature s  to  be  attained 
only  when  one  is  sure  that  during  prolonged  operation  there  will  be  no  substantial 
worsening  of  the  operating  conditions  of  the  bearings,  and  no  decrease  in  the 
lubricant  feed  as  a  result  of  the  clogging  of  the  lubricating  grooves  by  the 
products  of  wear,  etc. 


83 


CHAPTER  VII 


ANALYSIS  OF  PROBLEMS  CONNECTED  WITH  THE  MECHANISM  OF  FRICTION 

Our  work  has  shown  that  tha  principal  relationships  of  the  friction  of  a 
polyamide -steel  pair  are  determined  by  the  Molecular  interaction  between  the  contact 
surface  and  by  the  character  of  their  variation  with  temperature. 

Boyers,  Clinton,  Zisaan,  as  well  as  Moore,  have  suggested  that  the  friction  of 
polyaside  say  be  determined  by  molecular  interaction,  but  they  have  performed  no 
investigations  to  verify  this  hypothesis. 

G.  M.  Bartenev  assigned  primary  importance  to  molecular  influence  in  the 
xiiotion  of  polymer  against  smooth  surfaces,  and  bases  his  conclusions  mainly  on 
the  results  of  studies  of  rubber.  But  the  principal  laws  found  by  Bartenev  in  the 
molecular-kinetic  theory  of  rubber  friction  hsv .  been  confirmed  for  the  Motion 
of  polyamides. 


Indeed,  the  distinctive  feature  of  the  prooesa  of  friotion  described  by  the 
molecular -kinetic  theories  is  a  decline  in  the  coefficient  of  friotion  with 
increasing  temperature,  and  an  increase  in  the  ooeffioient  of  friction  with 
increasing  sliding  speeds  in  the  range  of  low  speeds* 

experiments  have  shown  that  the  opposite  relationships  hold  for  polyamides. 
Since  studies  of  the  effect  of  load  on  the  friction  of  polyamides  have  been 
performed  for  a  varying  area  of  aotual  contact,  and  in  most  experiments  the 
physicochemical  properties  of  the  surface  layers  of  the  polymer  have  varied  on 
account  of  the  variation  of  the  temperature,  the  results  obtained  give  no  grounds 
for  a  Judgment  as  to  the  degree  to  vhloh  the  molecular  theory  developed  by  B.  V. 
Deryagin  for  hard  bodies  is  applicable  to  the  friotion  of  polyamides. 

On  the  whole,  the  results  of  the  study  are  in  agreement  with  the  treatment  of 
tne  process  oi  i notion  given  oy  tne  raoiecu  i;u--oscnanicai  tneoiy  of  i.t 1. 
Kragel'skly,  according  to  idiioh  friction  has  a  dual,  molecular-mechanical  nature. 
Divergence  occurs  inasmuch  as  this  theory  proposes  that  the  variation  of  the 
frictional  force  with  the  regime  is  due  to  the  change  in  the  mechanical  properties 
of  the  surfaoe  layers  of  the  friotional  bodies. 

The  existence  of  a  correlation  between  the  frictional  and  mechanical 
properties  is  likewise  assumed  by  the  adhesion  theory,  experiments  have  shown 
that  there  is  no  such  correlation  in  the  case  of  the  polyamides. 

Thus  the  primary  difference  in  the  behavior  of  the  polyamides  from  the  funda¬ 
mental  propositions  of  the  molecular -mechanical  and  adhesion  theories  of  friction, 
whose  correctness  has  been  many  times  confirmed  by  investigators  on  many  materials, 
reduces  down  to  the  fact  that,  in  the  polyamide -steel  pair,  molecular  interaction 
between  the  contact  surfaces  determines  the  character  of  the  basic  relationships  of 
friction,  and  is  itself  of  independent  significance.  This  fact  must  be  taken  into 
account  by  a  theory  of  friction  that  applies  to  polyamides  as  well. 


The  study  of  the  physicoohealoal  aspects  of  the  mechanism  of  friction  of 
polyamides  is  a  separate  problem. 

On  the  basis  of  analysis  of  the  results  obtained ,  and  of  the  literature  data 
on  questions  of  the  structure  of  polymers,  however,  it  seems  to  us  that  the 
peculiar  character  of  the  variation  of  the  coefficient  of  frlotion  of  polyamides 
with  temperature  may  be  explained  by  the  presence  of  atoms  capable  of  forming 
hydrogen  bonds  in  their  molecular  chains. 

Ihe  structure  of  polyamides  is  irregular,  and  the  arrangement  of  their  molecular 
chains  in  the  amorphous  zones  is  disordered,  so  that  not  all  the  -NH  and  -CO  groups 
of  adjacent  molecules  are  linked  by  hydrogen  bonds. 

This  is  responsible  for  the  possibility  of  the  formation  of  hydrogen  bonds 
between  the  -NH  groups  on  the  friction  surface  and  the  oxygen  of  the  oxide  film  of 
the  opposite  body. 

A  rise  in  temperature  makes  it  possible,  on  account  of  the  increase  in  the 
energy  of  thermal  motion  of  the  units  of  the  molecules  and  the  facilitated  rotation 
of  parts  of  the  molecules  about  the  C-C  bonds  of  the  methylene  regions,  for  new  -NH 
groups,  which  previously  had  been  hindered  from  such  interaction  by  the  greater 
rigidity  of  the  molecular  framework,  now  to  approach  the  oxygen  atoms  of  the  oxide 
film. 

The  mnber  of  -NH  groups  ooming  into  instantaneous  interaction  with  the  oxygen 
of  the  oxides  of  the  opposite  body  can  also  be  increased  by  the  rising  temperature, 
which  intensifies  the  scission  of  the  intexmoleeular  hydrogen  bonds  of  the  -CONH 
groups  of  the  polyamide. 

Presumably  this  increase  is  likewise  favored  by  the  multiple  mechanical  action 
of  the  opposite  body. 

The  increase  in  the  number  of  free-NH  groups  on  the  friction  surface  of  the 
polyamides  with  rising  temperature  also  leads  to  a  relative  increase  in  the  molecular 
activity  of  the  friction  surface  of  polyamides  as  compared  with  that  of  other  polymers. 
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In  this  connection  the  following  res sorting  is  of  interest. 

The  saturation  of  dried  polyamides  with  water  encourages  a  decrease  in  its 
hardness  by  a  faotor  of  over  three.  On  friction  this  should  be  manifested  in  an 
approximately  proportional  Increase  of  the  area  of  actual  contact. 

If  constant  activity  of  the  molecular  interaction  between  the  friction  surfaces 
is  maintained,  this  in  turn  should  be  manifested  in  a  corresponding  increase  in  the 
frictional  force  (by  a  factor  of  about  3)«  since  it  has  been  established  that  the 
molecular  component  of  the  fri  „onal  force  of  a  polyamide  is  tne  predominant  factor, 
experiments  have  shown,  however,  that  the  coefficient  of  friction  of  water-saturated 
polyamide  increases  by  no  more  than  20^. 

Since,  in  spite  of  the  substantial  increase  in  the  area  of  aotual  contact, 
there  is  only  a  slight  increase  in  the  coefficient  of  friction,  there  are  grounds 
for  considering  that  the  activity  of  molecular  interaction  between  frictional 
contact  surfaces  decreases  with  the  absorption  of  moisture  by  the  polyamide. 

This  is  apparently  connected  with  the  fact  that  the  polar  molecules  of  water 
diffuses  in  the  space  between  the  molecules  of  polymer  and,  interacting  with  the 
CO  and  NH  groups,  block  them  and  thus  decrease  the  number  of  active  complexes  able 
to  interact  with  the  surface  of  the  opposite  body.  This  may  be  an  additional  proof 
of  the  speoial  role  of  the  NH  and  CO  groups  in  the  formation  of  the  frictional  force 
of  polyamide. 

Thus  it  may  be  postulated  that  the  behavior  of  polyamides  during  friction,  and 
in  particular  tbs  increase  in  friction  with  increasing  temperature,  is  due  primarily: 

(1)  to  the  presence,  in  the  structure  of  the  polyamide,  of  free  polar  groups 
and  hydrogen  atoms  capable  of  forming  hydrogen  bonds; 

(2)  to  the  growth  of  the  area  of  actual  oontact  on  account  of  the  softening 
of  the  polyamides  with  rising  temperature. 

But  the  fundamental  differences  between  the  behavior  of  polyamides  and  other 
polymers  during  friction  are  connected  primarily  with  the  peculiarities  of  their 
structure,  chemioal  composition,  and  polymeric  constitution. 

--s? 


The  pronounoed  influence  of  ohaaioal  composition  end  polymeric  constitution 
on  frictional  behavior  permits  us  to  note  that  it  is  desirable  for  the  composition 
of  antifriction  organic  polymers  to  have  one  feature  in  common;  one  of  the  require* 
ments  should  be  the  absence,  or  minimum  number,  of  groups  of  atoms  that  can  aotively 
interact  with  the  surface  of  the  opposite  body  (provided  sufficiently  high  mechanical 
properties  are  also  maintained). 

Based  on  our  work,  the  following  remarks  on  the  application  of  polyamides  may 
be  made. 

Since  it  has  been  established  that  the  principal  factors  determining  the 
friction  of  a  polyamide  under  the  operating  conditions  of  a  bearing  material  are 
the  moleoular  interaction  between  the  friction  surfaces  and  the  temperature,  the 
major  effort  in  the  work  of  decreasing  friction  and  increasing  the  serviceability 
of  bearings  of  polyamide  should  be  directed  toward  diminishing  moleoular  interaction 
between  the  surfaces  of  polyamide  and  steel  and  preventing  a  rise  in  temperature. 

The  following  methods  of  decreasing  moleoular  interaction  may  be  noted. 

1.  Introduction  into  the  friction  zone  of  3ub stance?  that  prevent  molecular 
interaction.  Experiments  have  shown  the  effectiveness  of  incorporating  polar 
additives  in  the  oil.  The  action  of  these  additives  is  manifested  primarily  in 
preventing  a  rise  in  the  coefficient  of  friction  with  rising  temperature. 

2.  Introduction  into  the  composition  of  the  polyamide  of  substances  decreasing 
the  activity  of  molecular  interaction.  The  fillers  now  employed,  molybdenum 
disulfide  ana  grapmte,  act  in  this  airection. 

It  will  probably  be  possible  to  select  other  substances  exerting  an  action 
based  on  interaction  with  the  free  polar  groups,  especially  groups  that  can  form 
hydrogen  oonds  with  the  oxide  film  on  the  steel  shaft,  and  on  blocking  such  groups 
and  preventing  them,  to  the  maximum  possible  extent,  from  interacting  with  the 
surface  of  the  opposite  bo<fc . 

As  for  the  methods  of  lowering  bearing  temperatures,  these  are  quite  generally 


known. 


Conclusions 


1.  The  major  factors  determining  the  friction  of  polyamides  on  steel  with  a 
mixed  boundary  lubrication  or  without  lubrication  are:  molecular  interaction 
oauveen  x-ne  inction  suriaces,  am  temperature. 

In  this  connection  the  major  efforts  to  improve  the  antifriotional  proper-ties 
of  polyamides  and  improve  the  serviceability  of  polyamide  bearings  should  be 
directed  toward  the  maximum  prevention  of  molecular  interaction  and  toward  lowering 
the  temperature  of  friction  units. 

2.  The  main  differences  in  tne  behavior  of  polyamides  from  the  behavior  of 
other  polymers  in  friction  are  connected  with  the  peculiarities  of  their  chemical 
composition  and  structure,  with  the  presence  of  polar  groups  in  the  structure  of 
the  polyamides,  and  with  the  peculiarities  in  the  character  of  variation  of 
molecular  interaction  with  the  surfaoe  of  the  opposite  body  with  varying  friction 
conditions. 

3.  One  of  the  requirements  that  must  be  met  by  the  composition  of  a  high-grade 
antifriotional  polymeric  material  operating  with  insufficient  lubrication  should  be 
the  requirement  cf  the  absence  or  minimum  content  of  ohemloal  groups  actively 
interacting  with  the  surface  of  the  opposite  body  (while  retaining  sufficiently 
high  mechanical  properties  of  the  polymers). 

4.  The  addition  of  polar-active  substances  to  the  mineral  oils  is  an  effective 
means  of  lowering  friction  and  inoreasing  the  serviceability  of  capron  bearings. 

5.  Heat  treatment  at  20-30°C  below  the  melting  point  does  not  substantially 
and  permanently  increase  hardness;  this  increase  disappears  after  absorption  of 
moisture.  The  temporary  change  in  the  hardness  of  polyamides  aftei  heat  treatment 
is  due  mainly  to  the  removal  of  moisture,  which  exerts  a  plasticizing  action. 

6.  An  evaluation  of  the  temperature  level  that  can  be  reached  under  service 
conditions  may  be  used  as  a  criterion  for  judging  the  possibilities  of  application 
of  a  polyamide  in  a  specific  unit. 


7«  In  spite  of  the  faot  that  certain  features  of  polyamides  have  an  unfavorable 
effect  on  their  antifriction  properties,  polyamides  are  good  antifriction  materials. 
Their  use  in  friction  units  of  various  machines  and  mechanisms  is  entirely  possible 
and  advisable. 

In  particular,  our  study  has  shown  that  it  is  entirely  possible  to  US8  oapron, 
wtucn  is  a  polyaiaiae,  lor  tne  iRair.u'acture  01  oearjLiigs  to  operate  in  uie  principal 
meohanism  of  metal-cutting  machine  tools. 

8.  The  test  temperatures  of  friction  for  polyamides  should  be  one  of  the 
principal  foms  of  evaluating  their  antifriction  properties;  such  tests  should  be 
run  under  conditions  as  close  as  possible  to  the  service  conditions  of  the  anti¬ 
friction  material  with  mixed  boundary  lubrication  or  without  lubrication. 
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Footnotes 

Ji)  *Tne  water  temperature  was  13-14°0. 

(?V)  *in  tests  performed  at  the  rocpenmental  riesearch  Institute  for  Machine 
Tools,  with  the  participation  of  Yu. A.  aykov  and  h.v.  ^erkulova. 

70 )  *T.ne  shafts  were  of  steel  45,  heat  treated  to  haraness  NRS  37-40,  surface 
finish  corresponding  to  V  10, 

79)  *The  tests  were  performed  in  the  department  of  iietailurgy  and  Materials, 
ciWli-o,  and  at  the  StanKOKonstruiccsiya  Plant, 
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